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In microsystem technology a large range of materials will be available only after the 
necessary microfabrication technologies have been developed or adapted. More than a 
decade ago, the existing microfabrication technologies were restricted to structuring and 
shaping techniques producing three-dimensional microstructures out of silicon, mostly 
unfilled plastics or a few pure metals or binary alloys. However, the choice of materials 
for microcomponents is determined by the function and conditions of use of 
microsystems. Some microdevices can only work well when made of specific metal 
components. To meet this need, several microfabrication techniques have been developed, 
such as second electroforming of molded plastic mold, microcasting, microinjection 
molding, ultra precision micromilling, micro electrical discharge maching, and their 
modified techniques, each with a certain range of metal choices. In chapter 1, these 
techniques are reviewed briefly and compared with each other. More importantly, a new 
technique for fabricating microscale metal structures – high-temperature compression 
molding is proposed and the related issues are discussed, including surface engineering of 
the mold insert, molding behavior comparison between molding different metals  and 
molding with  surface modified inserts and unmodified inserts, and molding mechanics. 
Chapters 2, 3 and 4 focus on the first issue – surface engineering of the mold insert, 
including characterization of Ti containing hydrocarbon (Ti-C:H) coatings in terms of 
microstructure, mechanical properties,  tribological characteristics and tribochemistry, and 
conformal coating of Ti-C:H over LiGA fabricated microscale structures.  The second issue – 
molding behavior is discussed in chapters 5, 6 and 7, including preliminary experiments on 
micromolding of Pd and Zn, instrumented micromolding of Pb and high-temperature 
instrumented micromolding of Al with LiGA fabricated Ni inserts. Chapter 8 focuses on the third 
issue – the mechanics of molding. In this chapter, a simple mechanics model of the micromolding 
process was developed, which relates the stresses on the insert during micromolding primarily to 
the yield strength of the molded metal and frictional tractions on the sides of the insert. Finally, 
chapter 9 summarizes this whole dissertation research with main results and achievements 
highlighted and the future research discussed. 
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CHAPTER 1.  AN OVERVIEW OF THE CURRENTLY DEVELOPED AND 
UNDERDEVELOPED MICROFABRICATION TECHNOLOGIES FOR METAL 
STRUCTURES 
 
Introduction to Microfabrication 
 
       I.  Technical Demand and Technological Response 
 
A large part of the world has reached a high standard of living at the expense of an 
extensive exploitation of natural resources. It is a highly ranked goal in technologically 
developed countries to stabilize and to improve this standard. In those parts of the world 
which are less rich the most important goal is to increase the technological standard in 
order to reach a standard of living comparable to that in the developed countries 1. 
Nevertheless, the consumption of resources can hardly be further increased without 
causing serious damage to the ecosphere. Therefore, the necessary development can only 
be made by an increase in efficiency. From this follows a great demand for new systems 
which consume less and perform better. In order to operate a system in an optimized way, 
a considerable effort in measurement and control is necessary. This results in an 
increasing need for small and powerful systems for sensing, analyzing and actuating. 
These needs prompt the technological world at hand to work out an adequate response. 
There are a large number of different technologies, ideas, visions and possible 
interactions. Among these the synergy of two elements are very promising with respect to 
the specific demands: the first one is an outstanding manufacturing technology -- the 
microfabrication technology on which attention will be focused in this chapter. The 
second one is an important new vision and development idea, i.e. the systems approach. 
 
II. Microfabrication Technologies 
 
Microfabrication or micromachining (or micro-manufacturing) was developed in 
response to demands for new micro-electro-mechanical systems (MEMS). It refers to the 
technologies and practice of making three dimensional structures and devices with 
overall dimensions on the order of a few or a few hundred micrometers. 
Microfabrication technologies are largely based on microelectronics processing 
technologies and micromachining. Microelectronics processing technologies, producing 
integrated electronic circuitry (IC), are very well developed. Micromachining is the 
generic name covering a range of technologies used to produce micro-scale structures and 
moving parts. 
One of the main goals of microfabrication is to integrate microelectronic circuitry 
into micromachined structures, to produce completely integrated systems (Microsystems). 
Such systems could have the same advantages of low cost, reliability and small size as 
silicon chips produced in the microelectronics industry. 
Many efforts from academic institutions and industrial companies have been put in 
the exploration and study of the microfabrication technologies. Hence, quite a few 
technologies have been developed and put into practice successfully such as 
photolithography 2, Excimer laser micromachining 3 4, silicon bulk and surface 
micromaching 5, LiGA technique 6, hot embossing 7. Other techniques are still 
 2
Fig. 1.1 Process of photolithography 
underdeveloped but showing some promising results, examples include microcasting 8 9, 
microinjecting molding 10 11 , ultra precision micromilling 12, micro electron discharge 




Photolithography is a basic technique 
used to define the shape of micromachined 
structures, and is the foundation of most 
microfabrication techniques. Fig. 1.1 shows 
the main steps of the photolithography 
process. With photolithography, firstly, a 
mask needs to be produced. This will 
typically be a chromium pattern on a glass 
plate. A substrate covered with a thin layer 
of another type of material which needs to 
be selectively removed is then coated with a 
polymer which is sensitive to ultraviolet 
light, called a photoresist. Ultraviolet light is 
then shone through the mask onto the 
photoresist. The photoresist is then 
developed which transfers the pattern on the 
mask to the photoresist layer. A chemical (or 
some other method) is then used to remove 
the material where it is exposed through the 
openings in the resist. Finally the resist is 
removed leaving the patterned structure. 
In the IC industry, pattern transfer from masks onto thin films is accomplished 
almost exclusively via photolithography. Accurate registration and exposure of a series of 
successive patterns lead to complex multilayered ICs. Photolithography matured rapidly 
and has become better and better at resolving smaller and smaller features. This 
essentially two-dimensional process has a limited tolerance for nonplanar topography, 
creating a major constraint for building microstructures which exhibit extreme 
topographies 2. 
 
B. Excimer Laser Micromachining 
 
Excimer lasers are a family of pulsed lasers operating in the ultraviolet region of the 
spectrum. The source of the emission is a fast electrical discharge in a high-pressure 
mixture of a rare gas and a halogen gas. The particular combination of a rare gas and 
halogen determines the output wavelength. The combination of short ultraviolet 
wavelengths with high peak and average powers makes Excimer lasers uniquely suited 
for laser microfabrication. The basic mechanisms of Excimer laser micromachining is 
based on the absorption of UV energy by various substrate materials. Most metals, 
glasses, polymers, and other dielectrics used in micromachining absorb UV energy very 
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intensely, each with a characteristic absorption coefficient. This makes the Excimer laser 
micromachining applicable to almost all kinds of MEMS materials 4.  
When machining organic materials the laser is operated in the pulsed mode, 
removing material with each pulse. The amount of material removed is dependent on the 
material itself, the length of the pulse, and the intensity of the laser light. The shape of the 
structures produced is controlled by using chrome on quartz mask, like the masks used in 
photolithography. In the simplest system the mask is placed in contact with the material 
being machined, and the laser light is shone through it. Material is selectively removed 
where the laser light strikes it. Structures with vertical sides can be created. By adjusting 
the optics it is possible to produce structures with tapered sidewalls.  
 
C. Silicon Micromachining 
 
Among the existing microfabrication technologies, silicon micromachining is the 
most prominent, since it is one of the best developed microfabrication techniques. Silicon 
is the primary substrate material used in IC production, and is a natural candidate for 
extension to fabrication of microsystems. 
There are a number of basic techniques that can be used to pattern thin films that 
have been deposited on a silicon wafer, and to shape the wafer itself, to form a set of 
basic microstructures (bulk silicon micromachining) including photolithography, wet 
etching, dry etching, lift off technique for noble metals, etc. The techniques for 
depositing and patterning thin films can be used to produce quite complex 
microstructures on the surface of silicon wafer (surface silicon micromachining). 
Electrochemical etching techniques are being investigated to extend the set of basic 
silicon micromachining techniques. Silicon bonding techniques can also be utilized to 
extend the structures produced by silicon micromachining techniques into multilayer 
structures.  
With silicon bulk micromaching, one of the simplest possible and most obvious 
structures is the patterning of insulated electrical conductors. One possible application of 
this could be to use electric field to manipulate individual cells. Anisotropic etching with 
KOH can easily form V shaped grooves, or cut pits with tapered walls into silicon. KOH 
can also be used to produce mesa structures. Silicon diaphragms from about 20µm thick 
upwards can be made by etching through an entire wafer with KOH. The silicon 
diaphragm is the basic structure used in microengineered pressure sensors, for example. It 
can also be adapted for use as an acceleration sensor. Concentration dependent etching 
can also be used to produce narrow bridges, or cantilever beams. One of the applications 
for the beams and bridges is as resonant sensors. A combination of dry etching and 
isotropic wet etching can be used to form very sharp points. Very fine points fabricated 
on the end of cantilever beams can serve as probes for use in atomic force microscopy. 
Surface micromaching can potentially produce quit complicated structure; such as 
microengineered tweezers, and gear trains. Wafer bonding techniques can potentially be 
combined with some of the basic micromachined structures to form the valves, pumps, 
etc, of a microfluid handling system. 
Silicon micromaching involves only silicon-based materials including crystalline 
silicon, polycrystalline silicon, silicon dioxide (oxide), silicon nitride, and also some 
noble metals such as gold. Material selection is restricted to a very narrow range. While 
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silicon-based materials are easily machined with the well-developed microelectronic 
processing techniques, they have obvious disadvantages over metal materials when used 
as the structuring material. 
 
D. LiGA Technique 
 
The acronym LiGA comes from the German name for the process (Lithographie, 
Galvanoformung and Abformung). LiGA uses lithography, electroplating, and molding 
processes to produce microscale structures. It is capable of creating of very finely defined 
microstructures of up to 1000µm in height. 
In the process as originally developed, a special kind of photolithography using X-
rays (X-ray lithography) is used to produce patterns in very thick layers of photoresist. 
The X-rays from a synchrotron source are shone through a special mask onto a thick 
photoresist layer (sensitive to X-rays) which covers a conductive substrate (Fig 1.2a). 
This resist is then developed (Fig 1.2b). The pattern formed is then electroplated with 
metal (Fig 1.2c). Such a primary metal structure produced can be the final product; 
however it is common to use it as a mold insert (Fig 1.2d). This mold insert can then be 
filled with a suitable materials, such as plastic (Fig 1.2e), to produce the final product in 
that material (Fig 1.2f). 
X-ray lithography is superior to optical lithography because of the shorter 
wavelength and a very large DOF (depth of focus) and due to the fact that exposure time 
and development conditions are not as stringent. Reproducibility is high as results are 
almost independent of surface reflections and wafer topography 2. LiGA exploits all the 
above advantages of X-ray lithography. 
 
Microfabrication Techniques for Metal Structures 
 
In process accompanying the structuring techniques used for silicon, metals are 
produced as thin layers from the gas phase, or thicker structures are made by 





























Fig. 1.2  The LiGA process 
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microscale structures out of various materials. Today, lithographic process steps furnish 
only a few polymer resist systems, for example, Polymethyl methacrylate (PMMA). 
Readily electroplatable materials have been limited to gold, copper, nickel and nickel 
alloys. Molding techniques is limited to polymeric materials. While material choice for 
microcomponents is determined by the function and conditions of use of the 
microsystems, many researchers in different fields are exploring new techniques for 
improving the efficiency of the microfabrication of metal microscale structures or 
techniques for microscale structures fabricated with broader range of metal materials. The 
techniques fall into two broad categories: molding related techniques such as 
electroplating of lost plastic micromolds 8 15 16   (second electroplating step), microcasting, 
microinjection molding, hot embossing, micro electrical discharge maching and non-
mold-related techniques such as ultra precision micromilling. These processes are 
reviewed next. 
 
I. Electroplating of Lost Plastic Micromolds  
 
In an economically viable process of manufacturing metal microstructures, an 
obvious idea is to produce conductive microstructures by an inexpensive molding 
technique; these microstructures are subsequently inverted into metal microstructures by 
electroforming. It is for this purpose that V. Piotter et. al. 17 have developed the injection 
molding of conductive plastics as one way of producing micromolds which can serve as 
electroforming substrates. In their study, highly filled plastics with a surface resistance of 
less than 1 kohm are chosen to ensure sufficient conductivity of the plastic micromolds 
over relatively long cycle times in the electrolyte. The mold inserts employed in injection 
molding of microstructures are LiGA mold inserts made of nickel, and 
micromechanically  produced mold inserts made of brass, respectively. To avoid abrasive 
wear of the mold inserts during injection molding, conductive carbon black was used as 
the filler. Injection molding inverted the microstructure of the mold inserts into a 
conductive plastics structure. Subsequent electroforming copied the mold inserts in nickel.  
Although the dimensions of the microscale structures, and also their surface quality, 
are electroformed in good quality, detailed examinations of transverse sections of the 
column-like arrays show cavities shaped like gothic church windows in the nickel body at 
aspect ratios (height-to-width of the structure) in excess of 5. There are probably caused 
by the current density distribution between the close-spaced plastic structures and the 
diffusion coefficient of the nickel ions in the electrolyte. The nickel coat on top of the 
conductive plastic structures begins at the base, between the plastics structures, and 
simultaneously at the structural walls. At an aspect ratio of 5, and with close-spaced 
plastic structures, nickel deposition along the walls is complete before the gap between 
the plastic microstructure is completely filled with nickel from the base of the structure. 
This problem is diminished slightly when a very low current density is applied, but it 
cannot be disposed of entirely. By establishing a conductivity gradient in the plastic 
microstructures, the problem can also be improved. But even this conductivity gradient 
was not sufficient with close-spaced plastic microstructures to produce void-free nickel 
structures. This led to the efforts by A Thies, et. al. 18 on a process using Ag-Cluster 
deposition to establish conductivity on insulating microstructures (PMMA). In this study, 
injection molded plastic microstructures made of an insulating plastic material were used, 
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and a nozzle beam source characterized by high directionality and high density of the 
cluster beam was then employed to generate a metal coat on the substrate surface and the 
fronts, but not on the sidewalls, as a consequence of the plane-parallel walls of LiGA 
microstructures. This method works as long as the metal microstructure to be 
electroformed has a continuous electroforming starting layer. Failing this, substrate 
islands are completely surrounded by insulating plastic microstructures. As a 
consequence, area on the island-shaped substrate surface is not in electrical contact, and 
there is no metal deposition in these areas. Thus, parts of the structure are missing, and 
the overall structure produced contains defects and cannot be used.  
The process of electroforming of plastic microstructures filled with conductive 
carbon black does furnish useful metal microstructures. In many applications, especially 
where metal microstructures are hardly subjected to mechanical loads and stresses, 
microstructures with voids can also be used, as their structural surface are free from 
defects.  
It is worthy to point out that all methods by which a metal microstructure is produced 
by electroforming are restricted in their choice of materials to those electrolytes which 
allow microstructures with high aspect ratio to be deposited. This line of materials at 
present is limited to copper, gold, nickel, and a few nickel-based alloys. In order to make 
the full range of materials available in microsystems engineering which is required for 
future applications of metal microscale structures, and which resembles the range of 
materials for macroscopic products, additional techniques for fabricating metal 
microstructures need to be developed. 
 
II. Micro Precision Casting 
 
Micro Precision Casting (microcasting) is a suitable process for the shaping of 
microparts made of metallic alloys with high mechanical strength and high aspect ratio. 
As early as in 1997, R. Ruprecht et. al. 8 has developed this new technique. In 2002, G. 
Baumeister, et. al. 19 made further studies on this process. The process is an improved 
process applied to the manufacturing of microstructures. This includes structures smaller 
than 1mm or larger but with extremely fine structures in the µm range. Like the 
investment casting process, microcasting is a lost-wax lost- mold process, which is 
known to obtain the best results concerning precision and surface quality. In this 
technique, injection molded plastic microstructures are used as lost molds and embedded 
in a ceramic investment material. While the investment material is baked into a hollow 
ceramic mold, the plastic microstructures undergo pyrolysis. The heated hollow ceramic 
mold, whose inner walls carry the image of the plastic microstructures, is filled with 
molten metal. Complete filling of the mold with molten metal is achieved either by 
centrifugal casting or by vacuum pressure casting. In centrifugal casting, the mold is 
filled by the centrifugal force; in vacuum pressure casting, filling is achieved by pouring 
the molten metal into an evacuated ceramic mold and applying a gas pressure to the 
molten metal after pouring. After the metal has solidified and the ceramic mold has 
cooled down, the microcomponent is removed. In microsystem technology the 
investment material is dissolved selectively without destroying the metal microscale 
structures by mechanical or chemical attack. 
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Metal microscale structures of gold alloys and palladium-based alloy as well as 
aluminum bronze have so far been produced by microcasting. Microcomponents with 
minimum wall thicknesses of 50µm and aspect ratio of approx. 10 have so far been made 
successfully. The technique lends itself particularly well to molding fully three-
dimensional microstructures. This has been documented by molding, for instance, 
microturbine housings of 2.5 mm outside diameter and hole structures for the fluid inlet 
and outlet (see Fig. 1.3). The wall thickness of the center axis, 1mm long, for accepting a 
hollow turbine shaft is approximately 110µm. The microturbine housings were casted 
using lost PMMA micromolds injection molded with a mold insert produced by 
micromechanical cutting and assembly techniques. 
Also LiGA structures of various alloys have already been made by microcasting. 
Compared to the conventional LiGA structures, the surfaces of the metal microscale 
structures have an increased surface roughness, primarily as a result of the investment 
materials. One example is shown in Fig. 1.4. The surfaces of the honeycomb walls have 
an average roughness of slightly less than 1µm. The quality of the structures certainly 
would be appropriate for use in heat exchanger and catalytic converters, but the present 
developments of microcasting are intended especially to improve the surface quality of 
metal microstructures. 
Microcasting allows a considerably broader range of metals compared to 
electroforming, especially multi-component alloys and superalloys, to be tailored for 
microsystem engineering application. However, this still does not provide all the metals 
for microcomponents which have been specially developed for specific macro-
engineering applications, such as aluminum-titanium alloys for high-temperature 
applications, or hard metals for components subject to wear. Moreover, the complicated 
processing and copying steps compared to other straightforward techniques for metal 
Fig.  1.3 Microturbine housings of 2.5 
mm outside diameter made of Palliag 
M palladium alloy, produced by 
microcasting. The hollow center axis of 
1mm length has a wall thickness of 
110µm 19 
Fig.   1.4 LiGA honeycomb 
structures made by microcasting 
of a palladium alloy. The width 
across flats of the honeycomb 
structures is 50µm, the structural 
height is 250µm 19
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microstructures are going to an issue from the economic point of view as well as the 
efficiency problem when mass fabrication is considered. 
 
III. Micro Metal Injection Molding (MIM) 
 
One economically viable process for mass producing complex precision parts is 
powder metallurgical injection molding, or Metal Injection Molding (MIM). In 1997 or 
even earlier R. Ruprecht et. al. 8 developed Micro MIM technique. T. Shimizu et. al. 20 
also utilized metal injection molding combined with high aspect ratio structuring to 
fabricate micro-parts using the supercritical debinding method. More recently, Z. Y. Liu 
et. al. 21 have manufactured 316L stainless microstructures with MIM. In the Micro MIM 
process, fine metal powders are mixed with a binder system into a feedstock and injected 
into the mold; the mold contains the microstructured mold inserts. In order to achieve 
good filling of the mold inserts, injection molds which can be evacuated and heated, are 
required along with highly fluid feedstock. Safe mold removal of the microstructures 
requires low mold temperatures and relatively high mechanical stability of the binder 
system. After metallurgical injection molding, the filling is processed further in the 
furnace, mostly under an oxidizing atmosphere, to remove the binder system, generating 
the first contact spots between the powder particles. Subsequently, in a defined 
atmosphere, the brown compact is sintered into a solid microstructure of close-to-
theoretical density. 
In some preliminary experiments, test structures were injection molded by MIM with 
a 260µm lateral width and an aspect ratio of 5. Feedstock was used which had been 
prepared from carbonyl iron powder with a mean particle size of 4-5µm plus 7% by 
volume of binder, all prepared in a mixer. In the more than one hundred injection 
molding cycles, mostly with automated machine operation, no wear phenomena were 
detected in the nickel mold inserts coated with gold of a thickness of approximate 500nm. 
Scanning Electron Microcopy (SEM) examination of the injection molded 
microstructures before and after debinding and sintering showed that sometimes at the 
edges of the curvatures the mold was not filled completely and  on the surface as well as 
in the center of the metal structures there still existed some pores and cracks. Therefore, 
optimization studies still need to be conducted for the injection molding process, binder 
removal and sintering, in order to achieve micro MIM of defect-free metal 
microstructures. 
 
IV. Micro Electrical Discharge Machining (EDM) 
 
EDM is the process of electrically removing material from any conductive workpiece. 
This is achieved by applying high-frequency pulsed, AC or DC current to the workpiece 
through an electrode or wire, which melts or vaporizes the workpiece material. Positioned 
very precisely near the workpiece, the electrode never touches the workpiece but 
discharges its current through an insulating dielectric fluid (water or oil) across a very 
small gap. The spark is reported to be in the range of 8000 to 12000°C (14432 to 
21632°F), and it vaporizes and melts the workpiece material. This process is used when 
the workpiece material is too hard, or the shape or location of the detail cannot easily be 
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conventionally machined. This makes many formerly difficult projects more practical, 
and many times it can be the only feasible way to machine a part or material 22. 
While EDM was introduced over fifty years ago, in recent decades, micro EDM 
technique has received attentions by some research groups including T. Masaki et. al. 23 
who are some of the pioneers in conducting this research, followed by K. Takahata, et. al. 
24 who produced high-aspect-ratio WC-Co microstructures by combining LiGA technique 
with micro-EDM, and G. L. Benavides, et. al. 14 who investigated the machining 
performance of the wire micro-EDM process by maching a high-aspect-ratio micro scale 
part into a variety of metals.  
In the research conducted by K. Takahata, et. al., LiGA process (steps 1-5 in Fig. 1.5) 
was firstly used to fabricate an array of nickel electrodes for the micro-EDM. The 
electrodes were negative-type gear pattern of 200µm outside diameter with a structural 
height of 300µm as shown in Fig. 1.6.  
 
 
Fig.  1.5 Flow of the fabrication process combining LiGA (1-5) and micro-EDM 
(step 6-7) 24 
Fig.  1.6 Array of negative-type nickel electrodes fabricated by the LiGA process 24 
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Fig.  1.7 1mm long WC-Co 
microstructure with gear pattern 24 
A positive-type patterned structure is 
produced by feeding the WC-Co workpiece 
into one of the electrodes with discharging 
as shown in the step 6. During this step the 
electrode shape is deformed due to its wear. 
To obtain a uniform cross-section along the 
length of the workpiece, the electrode had to 
be replaced before its deformation occurs 
throughout its thickness. Such deformed 
electrode can be replaced with a new one by 
X-Y positioning between the workpiece and 
each of the electrodes. This can be done 
very accurately because of the precise 
location of the electrodes as shown in step 7. 
A high-aspect-ratio patterned microstructure 
was obtained after repeating the machining 
and electrode replacing process. A positive-
type WC-Co microstructure with a length of 
1mm produced by using three electrodes of 
the serial micro-EDM is shown in Fig. 1.7. The variation of the outside diameter of the 
1mm long structure along its length was measured to about 4µm. 
Electrodes wear conditions were observed through SEM. The initial shape of the 
electrode is shown on the left side of Fig. 1.8. It is deformed by wear as shown on the 
right side of Fig. 1.8 when the WC-Co workpiece with a diameter of 300µm is fed into 
the electrode for about 400µm with discharging. Though Micro-EDM using LiGA 
fabricated Ni electrodes can fabricate high-aspect-ratio microstructures out of hard metal 
or alloy, when mass production is concerned, the electrodes wear is going to be a big 




Fig.  1.8 Initial shape of the patterned negative-type electrode and deformed one 
after use 24 
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V. Ultraprecision Micromilling 
 
At the macroscale, the milling process is very versatile and capable of creating three-
dimensional features and structures. Adaptation of this process at the microscale (hence 
named micromilling) could lead to rapid and direct fabrication of micromolds and masks 
to aid in the development of microcomponents 25 26 or some other applications such as 
ultra-precision milling of diffraction grating on tiny parts 27, micromilling millimeter long 
trenches in metallic alloys 28, and micromilling of metallic materials 29. The micromilling 
tools are commercially available in diameters larger than 50µm and custom-built tools as 
small as 22µm can be fabricated by the focused ion beam (FIB) machining process. As an 
example, Fig. 1.9 and Fig. 1.10 show respectively the method for fabricating 




The FIB process uses a tungsten needle which has a point radius in the submicron 
range. The sharp point is wetted with gallium metal which is liquid near room 
temperature. An extraction voltage is used to create a very intense electric field at the tip 
of the pointed needle. This causes field ionization of the gallium. The ejected gallium 
ions are then accelerated, and focused to a submicron diameter spot, and steered on to the 
work piece by eight-pole electrostatic field. The kinetic energy of the gallium ions causes 
the ejection of atoms from the workpiece in a sputtering process. 
Different micromilling tools have been designed according to their specific 
applications. The micromilling tool shown in Fig. 1.10 uses two parallel flats fabricated 
as shown in Fig. 1.9. As the flat was cut with the FIB process, the intersection of the flat 
with the rounded tool blank exposed to the entire beam cross-section resulted in a well 
rounded edge. However, this edge and the flat cut acted as a knife-edge and remove one 
half of the Gaussian ion beam. The remaining beam continued toward the trailing edge of 
the face and produced a very sharp intersection at the face with the round tool blank. This 
sharp intersection became one of the two cutting edges. After the first flat was machined, 
the tool was rotated 180º and the process was repeated thus creating two sharp cutting 
edges which were diametrically opposed. This design does not provide any clearance 
behind the cutting edge and allows the rounded tool blank to burnish the walls the milled 
Fig.  1.9  Method for fabricating micromilling 
tool by focused ion beam maching 25
Fig.  1.10  2-fluted micromilling tool 
made with FIB maching 25 
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features. Accurate placement of facets on tools and a proper stage rotation sequence 
between ion sputter steps can make micro-end mills of different geometries. This 
includes creation of well-aligned, nonplanar, cutting and too-end clearance facets.  
In general, control over small feature size is made possible by computer numerically 
controlled (CNC) ultraprecision machines. These instruments have 5nm positional 
accuracy in different directions and specially designed tool holders that minimize error. 
CNC ultraprecision machines have been used to create microfeatures while maintaining 
submicron tolerance over a span of millimeters 30.  Trenches of several millimeters length 
fabricated by ultraprecision micromilling have been shown to have vertical sidewalls and 
small bottom surface roughness. A good matching of tool diameter to trench width is 
found for several tested materials including PMMA, 6061 Al, 4340 steel and brass 28.   
Fig. 1.11 shows one example of the machined trenches with a depth of ~62µm in 
PMMA by micromilling. Fig. 1.11(a) and 1.11(b) show respectively a portion of an 
exponential spiral pattern with stepped and straight walls and a portion of the spiral 
pattern with two straight walls. Measurements carried out with a WYKO Roughness/Step 
Tester and measurements of SEM demonstrate the ability of the process to faithfully 
duplicate the tool geometry into the milled trench with sharp external corners. The 
sharpness of the interior corner is limited by the diameter of the milling tool. The 
bottom the trench had a typical root-mean-square (rms) roughness of 100-130nm along 
the direction of the trench. The rms roughness across the width of the trench was 
typically less and in the range of 80-110nm. This difference is because of the feed of the 
tool along the trench which pushes material out in front of the bottom of the milling tool 
because a distinct cutting edge is not present there. 
Micromilling is a very versatile technique for fabricating micro-scale feature as far 
as 3D microstructures is concerned, especially when complicated feature geometry is 
needed. Wider material range including metallic materials and metal alloys can be 
machined. However, there are several issues need to be stated when mass fabrication is 
considered. Tool wearing is one issue. The tool has strong effect on the quality of the 
machined parts. The progressing wearing of the cutting edge influences the geometry and 
the surface roughness. The relatively large cutting force causes the buckling of the 
micromilling tool with very small inertia. High temperature and high pressure promote 
Fig. 1.11  (a) A portion of micromilled spiral trenches with stepped and straight 
walls; (b) A portion of trenches with two straight walls as thin as 8µm 26 
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the formation of the built up edge. The failure of the cutting tool always means breakage. 
As a result of the wear of the cutting edge, cutting force increases continuously, which 
causes tool breaking. Tool wear was always asymmetrical. Consequently, one of the 
cutting edges machines more intensively and the other one only deforms the material or 
just graze it. Burr occurrence during the micromilling is another issue. Usually, burr 
occurrence is higher the smaller the feed velocity. In most cases the burr cannot be 
tolerated and must be removed or avoided in the milling process. It is almost impossible 
to avoid the burr occurrence. It may be minimized only by select smaller milling tools, 
which will create another issue. The smaller the micromilling tool is selected, the smaller 
the size of burrs, but the more time will be consumed for a specific project. Usually, 
micromilling is suitable for maching small and medium lot sizes for performing real 3D 
geometries.  
 
High Temperature Micromolding of Metals 
 
I. Motivation for Metal Micromolding 
 
Microfabrication technologies are being intensely investigated for constructing 
devices for electrical, biochemical, and mechanical engineering applications. Fabrication 
of high aspect ratio microscale structures (HARMs) with the LiGA technique allows 
novel mechanical devices with enhanced performance, such as high-efficiency micro heat 
exchangers 31 (as shown in Fig. 1.12 (a)) and temperature controlled mechanical seals 32  
(as shown in Fig. 1.12 (b)), to be conceptualized. Beyond device concepts, incorporation 
of materials suitable for the intended device application is of paramount importance for 
actual device realization. For example, micro heat exchangers made of high thermal 
conductivity/low mass density metals such as aluminum is key to realizing the higher 
heat transfer per unit weight resulting from the reduced device length scale.  
 
 
In the previous session, several microfabrication techniques for microscale metal 
structures were discussed, each with some application in a specific area with a limited 
material selection range. Careful observation of the processes involved in each technique 
 
(b) (a)
Fig. 1.12  (a) Prototype of a cross-flow micro heat Exchanger 31; (b) Prototype of 
temperature controlled micro seal structures 32 
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shows that electroplating of lost plastic mold, microcasting, and microinjection molding 
have more complicated manufacturing processes, which cause the microfabrication to be 
more time-consuming from the mass production point of view and sometimes higher cost. 
Micro EDM and micromilling are more direct maching techniques. However, with micro 
EDM, if wire-EDM is used to machine microparts, the process itself is time consuming; 
if LiGA fabricated mold used as the electrode to enhance efficiency, the electrode wear 
will make micro EDM process more costly, and frequently changing the electrode will 
cause errors in the feature geometry by misalignment. So with micromilling, efficiency, 
burr occurrence and surface roughness of the micromachined parts remain the issues 
needed to be handled. Therefore, a more direct, less time-consuming and cost-effective 
microfabrication technique needs to be developed for mass production of metallic 
microscale structures, especially negative-type structures. 
To develop LiGA-like technologies into an economically viable process of mass 
production of high-aspect-ratio microscale metal structures, the obvious idea is to use the 
LiGA fabricated metal microstructure as the mold insert to directly fabricate metal 
structures by compression micromolding. Compression micromolding was firstly used for 
polymer material, usually termed hot embossing in that context. Hot embossing of 
polymer based materials is a well-developed technique. Plastic components for 
microsystems are produced economically by hot embossing. In addition, molded plastic 
microstructures can be used also as lost micromolds in making microstructures out of 
metal or ceramics. Though intensive studies have been conducted on hot embossing of 
plastics material by many researchers, there is a paucity of information in the literature 
about metal micromolding. Molding behavior such as the molding force, extraction force 
during demolding needs to be studied to facilitate future applications of the metal 
micromolding technique. So far, even with hot embossing of plastics with currently 
available molding instrument, extraction force during demolding remains unknown. 
Mechanics and tribochemistry of compression metal micromolding also need to be 
studied to achieve a better understanding of metal micromolding 
 
II. Issues Concerning Metal Micromolding  
 
The process of microscale compression molding of metals, which in general occurs 
at higher temperatures as compared to molding polymers, requires the consideration of 
two issues. At the molding temperature, the yield strength of the material making up the 
insert bulk has to be sufficiently high to endure the stresses needed for molding. In 
addition, the chemical/mechanical properties of the near-surface regions of the insert 
must be adequate to allow repeated molding cycles without damage to the insert and the 
molded metal part. These issues form the challenges that the present study aims to 
address. 
Mechanical properties of the insert bulk need to be considered, because as-
electrodeposited metallic HARMs are micro-/nano- crystalline in structure and undergo 
significant grain growth at elevated temperatures. Yield strength of electrodeposited Ni 
microparts tends to decrease significantly to ~140MPa, less than 40% of the as-deposited 
value, when they are annealed to 400oC or higher 33. With decreasing yield strengths at 
increasing temperatures, the choice of molding temperature needs to reflect a 
compromise between the requirement of sufficiently high yield strength of the insert, 
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which ensures no plastic deformation of the insert bulk, and the requirement of 
sufficiently low yield strength of the molded metal, which facilitates generation of 
microscale features by plastic flow without the need for excessive force. Currently, little 
quantitative data regarding forces required for microscale compression molding of metals 
exist in the literature.  
During molding of a given metal, the chemical/mechanical interactions experienced 
by the insert depend critically on the chemical/mechanical/tribological properties of its 
near-surface region. If the mechanical properties of the insert bulk are sufficient, the key 
to successful high temperature micromolding of reactive metals is to alter the 
chemical/mechanical interactions between the insert and the molded metal. 
 
A. Surface Engineering of the Mold Insert 
 
Engineering HARMS-covered surfaces by coatings must satisfy two criteria. First, 
the coating needs to be synthesized with desired mechanical, tribological, and chemical 
properties and it must adhere strongly to the surface. Second, the coating needs to cover 
topologically complex HARMS-covered surface in a conformal fashion. Plasma assisted 
vapor deposition of amorphous hydrocarbon (a-C:H) and metal-containing hydrocarbon 
(Me-C:H) thin films have been studied for over a decade 34. The microstructure of a-C:H 
thin films incorporating more than a few atomic percent of carbide-forming metals, such 
as W or Ti, has been shown to consist of nanocrystalline metal carbide clusters 
embedded in an a-C:H matrix (MeC/a-C:H) 35 36. In the Ti-C:H system, precipitation of 
nanocrystalline TiC clusters occurs at Ti compositions > 2.5 at.% Ti, and these Ti-C:H 
thin films are TiC/a-C:H nanocomposites 37.  Me-C:H thin films possess moderately high 
hardness, low coefficient of friction, and low wear rate 38, and have been shown to be 
beneficial when applied to macro-scale mechanical components 39. Recently, a low-
pressure, high-density, inductively coupled plasma (ICP) assisted hybrid chemical 
/physical vapor deposition (CVD/PVD) technique has been used to deposit a-C:H and Ti-
C:H thin films over a wide range of compositions 40. Using Ti-C:H coating by ICP 
assisted hybrid CVD/PVD technique to modify the near surface properties of the mold 
insert, two question needs to be answered: one is whether this coating system and coating 
technique is suitable for conformal coating HARMS-covered surface; the other one is 
which coating composition will results in the desired mechanical property and 
tribological characteristics of the coating for molding process, meaning a need of a 
systematic study of the mechanical properties and tribological characteristics of Ti-C:H 
coatings as a function of coating composition.  
 
B. Molding Behavior   
 
A qualitative difference in molding behavior exists depending on whether or not the 
insert and the molded metal have a thermodynamic driving force to mix. At present, 
electrodeposited Ni is the most common material choice for the insert bulk 41. Regarding 
the chemical/mechanical interactions between the Ni insert and the molded metal, Pb and 
Zn (or Al) exemplify two extreme situations. In one instance, Pb and Ni are immiscible in 
both the solid and the liquid state 42. In the other instance, Zn (or Al) and Ni have a strong 
driving force to form intermetallic compounds. Similarity and Differences in the molding 
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behavior of different metals needs to be uncovered. During molding a given metal, 
measurement of the molding force and extraction force is important for analyzing the 
molding stress. If contact stresses during micromolding exceed the yield strength of the 
Ni insert at the molding temperature, plastic deformation of the insert is expected, which 
will lead to insert deformation and loss of shape definition. Despite these concerns, little 
information on the required stresses for high-temperature microscale compression 
molding of metals and subsequent insert extraction is available in the current literature. 
 
C. Mechanics of Metal Micromolding 
 
The metal micromolding process is a process in which the molded metal undergoes 
gradual but extreme plastic deformation. In order to achieve a full understanding of the 
metal micromolding, three issues related to the mechanics of metal micromolding need to 
be studied. The first one is how the deformation during molding correlates with the 
molding stress. The second one is how the maximum molding stress when the full 
molding is achieved correlates with the bulk properties (for example, the yield stress or 
the ultimate tensile stress) of the molded metal. The remaining one is how is the influence 
of the mold insert geometry on the maximum molding stress and the molded features. 





Currently developed and underdeveloped microfabrication techniques, especially the 
techniques for manufacturing metal microstructures, have been reviewed and discussed. 
Each of these techniques has applications in a specific area with a limited material 
selection range. More importantly, a new technique of microfabrication of metal 
microstructures – compression molding of metals has been proposed and the related 
issues have been discussed in detail. Potential applications of metal micromolding have 
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CHAPTER 2.  FRICTION AND WEAR CHARACTERISTICS OF TITANIUM 
CONTAINING AMORPHOUS HYDROCARBON CERAMIC 




Nanostructured materials have received intense recent scrutiny 1. In addition to bulk 
nanostructured metals and ceramics 2, nanostructured thin films and surface coatings have 
received much current attention 3. Metal-containing hydrocarbon (Me-C:H) surface 
coatings have been intensely studied for over a decade 4 5. Recent interests in these 
hydrocarbon-based coatings have been stimulated by studies showing that the contact 
fatigue life of mechanical components increases with these coatings applied to the 
component surface 6. The attractiveness of Me-C:H coatings stems partly from the 
observation that their mechanical properties, such as the Young’s modulus (E) and the 
hardness (H), vary systematically with coating composition, thus offering the potential of 
engineering a coating to suite a particular application 7 8. In amorphous hydrocarbon (a-
C:H) coatings incorporating significant amounts of carbide-forming metals, for example 
W or Ti with compositions greater than a few atomic percent, the coating microstructure 
has been shown to consist of nanocrystalline metal carbide clusters embedded in an a-
C:H matrix. In the titanium-containing amorphous hydrocarbon (Ti-C:H) coating system, 
the dissolution limit of Ti atoms within the a-C:H matrix has been determined to be 
below 2.5 at.% Ti. Above 2.5 at.% Ti, precipitation of nanocrystalline TiC clusters 
occurs, and Ti-C:H coatings are TiC/a-C:H thin film nanocomposites 9. For ceramic 
nanocomposite surface coatings, although coating microstructure and mechanical 
properties, such as E and H, have been studied to some detail 10, little information is 
present in the literature about how the nanometer scaled microstructure and mechanical 
properties of these nanostructured ceramic coatings correlate with their macroscopic 
tribological characteristics. This lack of nano – macro scale correlation is a reflection of 
the current deficiencies in our understanding of the fundamental deformation and fracture 
behaviors of nanostructured ceramic thin film materials. 
This chapter presents an experimental study of this correlation in the Ti-C:H coating 
system. The macro-scale coating friction and wear characteristics are examined by 
performing unlubricated sliding of Ti-C:H coatings against WC-Co balls in a ball-on-disk 
configuration. Consistent with previous studies, the average E and H of Ti-C:H coatings 
exhibit smooth and systematic variations as the Ti composition increases. In contrast, we 
observe jumps in the friction coefficient and wear rate of Ti-C:H coatings sliding against 
WC-Co over a relatively narrow Ti composition range. Our results indicate an almost 
binary friction and wear behavior of Ti-C:H coatings with respect to the Ti composition, 




Deposition of Ti-C:H coatings was carried out in an ultra-high-vacuum inductively 
coupled plasma (ICP) assisted hybrid chemical vapor deposition (CVD)/physical vapor 
                                                 
* Reprinted from Appllied Physics Letters with the permission of AIP 
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deposition (PVD) tool at Louisiana State University (LSU). The base pressure of the 
deposition tool is ~ 3×10-9 Torr. The hybrid CVD/PVD tool combines a radio-frequency 
ICP with balanced magnetron sputter sources, and can be operated in a plasma assisted 
CVD mode (no magnetrons) or a magnetron sputtering PVD mode (no ICP). Further 
details on the hybrid CVD/PVD tool and the Ti-C:H coating deposition procedures have 
been reported previously 11 12 13. Two-inch diameter Si(100) wafers were used as 
substrates. The entire coating structure consisted of a sputter deposited pure Ti interlayer 
next to the Si substrate, followed by a Ti-C:H coatings layer. Deposition of the Ti-C:H 
coating layer was carried out immediately following the Ti interlayer deposition in the 
hybrid mode, where two magnetron sources sputter two pure Ti cathodes (99.99+%) in an 
Ar(99.999+%)/C2H2(99.99+%) ICP plasma. For all depositions, the total ICP input power 
and the input Ar/C2H2 flow rate were fixed at 1000W and 10/1, respectively. The total 
pressure during deposition was fixed at ~ 1.7 mTorr. Ti composition of the Ti-C:H 
coating layer was varied by varying the Ti cathode currents. For all depositions, the 
substrate was biased at –50V. No intentional substrate heating or cooling was applied. A 
series of Ti-C:H/Ti/Si specimens were deposited with increasing Ti compositions in the 
Ti-C:H layer and with identical nominal Ti interlayer thickness. Based on cross-sectional 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM),  the 
thicknesses of the Ti interlayer are ~ 75 nm, and the Ti-C:H coating layer thickness 
ranged from 350 to 650 nm. 
Coating composition was measured by combining Rutherford Backscattering 
Spectrometry (RBS) and hydrogen elastic recoil detection (ERD) measurements carried 
out at the Ion Beam Analysis Facility of the Argonne National Laboratory. Hydrogen 
composition measurements by ERD were checked against a previous characterized Ti-
C:H specimen. TEM examination of Ti-C:H/Ti/Si specimens was carried out on a JEOL 
JEM 2010 microscope at the Materials Characterization Center of LSU. The microscope 
was operated at 200 kV. All coating specimens were examined in cross-section, details 
have been reported elsewhere 14. 
Instrumented nanoindentation was carried out on a Hysitron Triboscope interfaced to 
a Digital Instrument Dimension 3100 atomic force microscope (AFM). A Berkovich 
diamond indenter was used. The Oliver/Pharr analysis procedure was followed to extract 
elastic modulus and hardness from experimental load – displacement curves. Indenter 
area function calibration in the contact depth (hc) range of 20 – 225 nm was accomplished 
with a fused SiO2 standard, assuming contact depth independent modulus 15. The indenter 
contact area at hc ~ 100 nm was ~ 3×105 nm2 according to the indenter shape function 
calibration. Indentation of Ti-C:H/Ti/Si specimens was carried out as a function of load, 
and multiple indentations at each load were performed. The values of the indentation 
modulus Eind = E/(1-ν2), where ν is the Poisson’s ratio, and H measured at hc < 60 nm 
were taken as being representative of the average mechanical properties of the Ti-C:H 
coating layer. In addition to nanoindentation measurements, the coupling of the 
indentation transducer to the atomic force microscope (AFM) allows surface profiles to 
be examined quantitatively in the contact AFM mode with the Berkovich indenter tip. 
Friction and wear characteristics of Ti-C:H coatings were characterized by ball-on-
disc testing on a CETR UMT-2 universal micro-tribometer. Unlubricated sliding tests 
were carried out at room temperature in air, where the relative humidity was 40±20%. 
Commercial WC-Co balls, 4 mm in diameter, were used for the tests. A normal load of 
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1N was used for all tests, with an estimated nominal Hertzian contact pressure of ~ 1 GPa 
16. Linear sliding velocity between the WC-Co ball and the coating ranged between 6 – 8 
m/min. Ball-on-disk testing of Ti-C:H/Ti/Si specimens was accomplished by gluing the 
backside of the Si substrate to a steel disk before testing. Coatings were tested for a 
minimum of 20 min. Profile of the wear track generated by the sliding WC-Co ball on the 
coating was measured after testing on a Tencor α500 stylus profilometer. Integrated area 
of the wear track was computed from the wear track profile, from which the wear volume 
was obtained. The average wear rate of the coating was taken as the total wear volume 
divided by the product of the ball normal load and total distance traveled 17. 
 
Results and Discussion  
 
Fig. 2.1 shows average compositions in atomic number fractions of the Ti-C:H 
coating layers of the series of Ti-C:H/Ti/Si(100) specimens as a function of Ti cathode 
current. Ti, C, and hydrogen compositions were determined by combining RBS results, 
which yield the C to Ti ratio, and ERD results, which yield the hydrogen fraction with 
respect to the standard Ti-C:H specimen with known hydrogen content. The Ti 
composition in the Ti-C:H coating layer increases approximately linearly with the Ti 
cathode current. At the low Ti cathode current of 0.1 Amp, the Ti composition in the Ti-
C:H coating layer is below the RBS detection limit and the coating is approximately pure 
a-C:H. In this case, the hydrogen to carbon ratio is ~ 0.29, consistent with previous 
studies on a-C:H thin films [ref. 13]. As the Ti composition in the Ti-C:H coating layer 
increases, the hydrogen composition decreases. At the highest Ti composition of 46.4 at. 
%, the hydrogen composition is only 2.2 at. %. Previous small angle X-ray scattering 
(SAXS) and high-resolution TEM characterization of Ti-C:H coatings showed that the 
volume fraction of nanocrystalline TiC clusters embedded in the a-C:H matrix increases 
Ti cathode current (Amp)
























Fig.  2.1  Composition of a series of Ti-C:H coatings deposited by ICP assisted 
hybrid CVD/PVD as a function of the Ti cathode current. For all depositions, the 
two Ti cathodes were operated at equal currents 
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as the Ti composition increases, and suggests that the TiC clusters do not incorporate 
hydrogen 18. Hydrogen inclusion into the Ti-C:H coatings therefore occurs through 
incorporation into the a-C:H matrix. As the TiC volume fraction increases, the overall 
hydrogen composition is thus expected to decrease. The observed decrease in the average 
hydrogen composition as the Ti composition increases, as shown in Figure 2.1, is 
consistent with this picture. 
Fig. 2.2(a) and (b) show respectively Eind and H of the series of Ti-C:H coatings as a 
function of the Ti composition. As the Ti composition increases from ~ 0 at. % to > 45 at. 
%, both Eind and H show a systematic variation with Ti composition, increasing from ~ 
50 GPa and ~ 5 GPa to ~ 140 GPa and ~ 15 GPa, respectively. Over the entire range of Ti 
compositions, the hardness to modulus ratio H/Eind is approximately a constant ~ 0.1. 
These experimental observations are consistent with previous studies of the Ti-C:H 
coating system, and show a smooth variation of the modulus and hardness of TiC/a-C:H 
nanocomposites as a function of the Ti composition despite their microstructure with 
three dimensional compositional and structural modulations on the nanometer scale. 
 
Fig. 2.3(a) shows unlubricated friction coefficients of the series of Ti-C:H coatings 
sliding against WC-Co as a function of the Ti composition. All friction coefficients 
reported are the average values over a twenty minute testing period. Data points at the 
same Ti composition represent a different sliding test with the same Ti-C:H coating/WC-
Co ball pair. Each sliding test was conducted with a pristine spot on the WC-Co ball and 
an as-deposited area on the Ti-C:H coating. At Ti compositions below 20 at. %, the 
friction coefficients stayed relatively constant ~ 0.1. This low friction coefficient is 
characteristic of hard carbon based coating materials. At Ti compositions above 30 at. %, 
the friction coefficients are again relatively constant, and ranged between 0.25 and 0.3. A 
friction coefficient in this range is typical for unlubricated sliding between ceramic 
materials such as carbides and nitrides 19. In contrast to Figure 2.2, which shows smooth 
variations of Eind and H as a function of the Ti composition, Figure 2.3 shows that the 
friction behavior of the Ti-C:H coatings as a function of the Ti composition exhibits an 
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Fig.  2.2 Average (a) indentation modulus E/(1-ν2), and (b) hardness H, of the series 
of Ti-C:H coatings as a function of the Ti composition. Data points at the same Ti 
composition denote repeat measurements on the same specimen 
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approximately constant low friction region and an approximately constant higher friction 
region, with a relatively sharp transition from the lower friction behavior to the higher 
friction behavior occurring within the Ti composition range of 20 to 30 at. %. 
 
 
Fig. 2.3(b) shows average wear rates of the series of Ti-C:H coatings sliding against 
WC-Co as a function of the Ti composition. Data points at the same Ti composition 
represent a different sliding test with the same Ti-C:H coating/WC-Co ball pair, using a 
pristine spot on the WC-Co ball and an as-deposited area on the Ti-C:H coating. At Ti 
compositions below 20 at. %, the coating wear rates stayed relatively constant, ~ 5×10-7 
mm3/Nm. These observed wear rates are typical for Me-C:H coatings 20. At Ti 
compositions above 30 at. %, the coating wear rates are again relatively constant, ~ 4×10-
6 mm3/Nm, exhibiting however an order of magnitude increase in wear as compared to 
coatings with lower Ti composition. The average coating wear rate mimics the behavior 
of the friction coefficient, exhibiting an approximately constant low wear region and an 
approximately constant higher wear region, with a relatively sharp transition from the 
lower wear behavior to the higher wear behavior occurring within the Ti composition 
range of 20 to 30 at. %. 
Figures 2.2 and 2.3(b) show that the wear rate of Ti-C:H coatings exhibits a 
pronounced increase as the Ti composition increases from 20 to over 30 at. %, even 
though the coating hardness increases from ~ 10 GPa to ~ 15 GPa in the same 
composition range. These observations are in contradiction to the well known Archard 
wear equation, which states that the wear rate should be inversely proportional to the 
hardness of the softer surface of the contacting pair, in this case that of the Ti-C:H 
coating [ref. 19]. Differences in the wear track profiles of the Ti-C:H coatings were 
noticed during stylus profilometry measurements. Wear tracks of the Ti-C:H coatings 
exhibiting low wear were smooth, whereas those of the Ti-C:H coatings exhibiting higher 
wear possessed sharp spikes within the wear track.  
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Fig.  2.3  Average friction coefficient (a) and wear rate (b) of the series of Ti-C:H 
coatings during unlubricated sliding against WC-Co as a function of the Ti 
composition. Data points at the same Ti composition denote results of separate 
sliding tests with the same coating/ball pair 
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Fig. 2.4(a) and 4(b) show two AFM images obtained from within the wear tracks of 
two Ti-C:H specimens. The Ti compositions of the two Ti-C:H specimens are 1.42 and 
34.5 at.%, respectively. Shown clearly in Figure 4, the wear track of the lower Ti 
composition coating, with an average wear rate of ~ 4.2×10-7 mm3/Nm, is very smooth. 
In contrast, the wear track of the higher Ti composition coating, with an average wear 
rate of ~ 3.2×10-6 mm3/Nm, contains numerous micrometer and sub-micrometer scaled 
facets and micrometer scaled trenches. Additional experiments showed smooth wear 
tracks for the low wear coatings and rough wear tracks for the higher wear coatings. 
 
 
Observations shown in Figure 2.4 and similar ones strongly suggest that wear of Ti-
C:H coatings as the Ti composition varies involves different mechanisms, and that one 
wear mechanism operates predominantly in the low friction/low wear region with Ti 
composition < 20 at. % and another operates predominantly in the higher friction/higher 
wear region with Ti composition > 30 at %. Previous friction and wear studies on hard 
hydrocarbon based coatings generally show that the low friction/low wear behavior is 
related to the formation of a graphitic layer in the wear track, which provides a form of 
self-lubrication during sliding 21. The presently measured friction coefficients and wear 
rates of Ti-C:H coatings with Ti compositions < 20 at. % are consistent with numerous 
previous measurements on Me-C:H coatings [ref. 20]. In contrast, the observed wear 
track morphology of Ti-C:H coatings with Ti compositions > 30 at. % suggests that wear 
of these coatings involves micrometer and/or nanometer scale coating fracture, which is 
absent in the low friction/low wear region. The increased coating wear as the Ti 
composition increases is therefore the result of a different wear mechanism operating as 
the nanocrystalline TiC cluster fraction increases. 
The evolution of the size of nanocrystalline TiC clusters contained within Ti-C:H 
coatings have been studied by SAXS [ref. 18]. At Ti compositions < 15 at. %, TiC 
clusters exhibit a monomodal size distribution, with mean cluster size ~ 2 nm. At Ti 
compositions > 18 at. %, the TiC cluster size evolves into a bimodal distribution, with 
smaller and larger sized clusters present simultaneously. The smaller TiC cluster size is 
approximately constant ~ 2 nm, independent of the Ti composition. The larger TiC 
Fig.  2.4  Contact AFM images obtained within two wear tracks on two Ti-C:H 
coatings due to unlubricated sliding against WC-Co balls. The Ti compositions of 
the Ti-C:H coatings are (a) 1.42 at. %, (b) 34.5 at. %, respectively   
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clusters are ~ 7 nm in size at Ti compositions of > 20 at. %, and grow in volume fraction 
as the Ti composition increases. At Ti composition ~ 20 at. %, the total TiC cluster 
volume fraction is ~ 30 %. It is believed that the development of larger sized TiC clusters 
at higher Ti compositions is due to coalescence of uniform TiC clusters, ~ 2 nm in size, 
as the TiC cluster nucleation density increases with increasing Ti composition. At higher 
TiC cluster volume fractions, larger TiC clusters develop as an increasing number of 
smaller-sized clusters coalesce together. Cross-sectional high-resolution TEM 
examination of the Ti-C:H coating with a Ti composition of 46.4 at. % showed that the 
entire coating layer consists of TiC grains, with little sign of the presence of a-C:H. The 
current situation is reminiscent of the site percolation model, in which very large clusters 
develop as the fraction of filled sites increases toward the percolation threshold 22. Our 
data suggest that, as the TiC cluster volume fraction increases and larger TiC clusters 
develop, the Ti-C:H coating wear mechanism goes from the self-lubricated wear 
characteristic of hard carbon based materials to micrometer/nanometer scale fracture. 
According to the present data, this mechanism remains operative as the TiC volume 
fraction approaches 1. 
As the Ti composition increases above 20 at. %, Figures 2.3(a) and 2.3(b) show a 
concomitant increase in the friction coefficient and the wear rate. At Ti compositions 
above 30 at. %, the macroscopic friction and wear characteristics of Ti-C:H coatings 
appear to be TiC like. It is intriguing to contemplate the true contact conditions during 
sliding. As the Ti composition increases, the average TiC cluster size may increase such 
that, within each micro-asperity contact area, WC-Co is “effectively” contacting TiC. The 
detailed conditions dictating each micro-asperity contact to be “a-C:H like” or “TiC like” 
remains to be clarified. As the nanoindentation technique becomes better understood, the 
average modulus and hardness of nanostructured ceramic coatings are measured with 
increasing confidence. However, the coating fracture behavior is at present rarely studied, 
especially in relation to coating structure and composition 23. The present data suggest 
that the fracture behavior of nanocomposite coatings, in addition to their modulus and 
hardness, needs to be examined in order to better understand the macroscopic friction and 




In summary, we have performed a detailed examination of the macroscopic friction 
and wear characteristics of TiC/a-C:H nanocomposite coatings as a function of the Ti 
composition. Our results indicate an almost binary friction and wear characteristics of 
TiC/a-C:H nanocomposites with respect to the Ti composition, a-C:H like at Ti 
compositions < 20 at. %, TiC like at Ti compositions > 30 at. %. Our data suggest that 
the coating wear mechanism changes to one involving micro/nano scale fracture as the 
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CHAPTER 3.  TRIBOLOGICAL CHARACTERIZATION OF Ti-C:H COATINGS 




Metal free amorphous hydrocarbon (a-C:H) coatings have been extensively studied 
over the past several decades due to their unique combination of mechanical properties 
and tribological behavior such as high hardness and elastic modulus, excellent wear 
resistance and low coefficient of friction as well as other properties such as chemical 
inertness and high electrical resistivity. At present, metal-containing hydrocarbon (Me-
C:H) coatings are receiving attention owing partly to their better adhesion to metallic 
substrates 1 as well as the potential to tune coating properties through changes in metal 
composition. Deposition and mechanical properties such as hardness and Young’s 
modulus of Me-C:H coatings have been studied to some detail 2 3 4 5. Preliminary results 
on the friction and wear characteristics of Ti-C:H coatings have also been reported in our 
previous study 6. By depositing Ti-C:H coatings on silicon substrates in an inductively 
coupled plasma assisted hybrid chemical/physical vapor deposition (CVD/PVD) system, 
the microstructure of Ti-C:H coating has been shown to cange as a function of Ti 
composition. At Ti compositions greater than 2.5 at. %, the microstructure consists of 
TiC clusters embedded in an a-C:H matrix and the average cluster size  increases with 
increasing Ti composition. At Ti compositions below 2.5 at. %, the entire structure is 
amorphous. The Young’s modulus (E) and hardness (H) of Ti-C:H coatings exhibit 
smooth variations as the Ti composition increases. During unlubricated sliding of Ti-C:H 
coating against WC-Co balls, both the friction coefficient and coating wear rate exhibit a 
relatively abrupt transition over a relatively narrow Ti composition range, indicating 
bimodal friction and wear behaviors for the Ti-C:H coatings: a-C:H like at Ti 
compositions below 20 at. % and TiC like at Ti compositions above 30 at. %. According 
to the previous studies performed by Wei, et al. 7, Liu et al. 8, and Varma et al. 9, the low 
friction/low wear behavior of hard hydrocarbon based coatings is believed to be related to 
the formation of a graphite-like layer in the wear track, which serves as a lubricant during 
sliding. However, detailed information about the formation of the graphite-like layer and 
its influences on the friction and wear behavior of Ti-C:H remains to be explored. 
Although the surface morphology of the coating wear track was examined in the previous 
study, question like how the surface morphology of the coating and the counterpart 
evolves so as to influence the friction and wear behavior during sliding was not 
addressed. 
This chapter aims to provide some explanation about the bimodal friction and wear 
behavior of Ti-C:H coatings by presenting an experimental study of the graphitization 
phenomena during sliding against steel balls in an unlubricated condition by Raman 
Spectroscopy  and atomic force microscopy (AFM) examinations of coating surface 




The coatings studied in this article were prepared in an Inductively-Coupled-Plasma 
(ICP) assisted hybrid CVD/ PVD system 10, further details can be found somewhere 11 12. 
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Base pressure for all depositions was around 2.0×10−8 Torr. Substrates used for the 
coatings are 2-inch diameter 52100 steel coupons, polished with silicon carbide abrasive 
papers and polycrystalline diamond suspensions down to 1µm. Deposition procedure for 
each coating began with a 5 min etching in an inductively coupled Ar plasma with an 
input power of 1000W and a substrate bias voltage of −100V. Ar flow rate was fixed at 
50 sccm. Pressure in the chamber was about 1.7 mTorr. Then a Ti interlayer was 
deposited for 15 minutes under the same pressure with the ICP turned off and the 
substrate biased to −50V. Deposition of Ti/a-C:H coating was carried out in an Ar/C2H2 
mixture right after the interlayer deposition. During deposition, ICP input power was kept 
at 1000W, substrate bias voltage −50V and ratio of Ar to C2H2 fixed at 10:1. Ti 
composition in the coatings was varied through changing the Ti gun current from 0.2A to 
1.4A. Detailed information on the deposition condition for Ti-C:H coating of each 
specimen was tabulated in table 3.1. Composition variation of Ti/a-C:H coatings as a 
function of Ti cathode current is shown in Fig. 3.1 13. 
 














w11301 0.2 50 5 −50 25 
w11101 0.3 50 5 −50 25 
w10701 0.4 50 5 −50 25 
w10901 0.6 50 5 −50 25 
w10601 0.8 50 5 −50 25 
w10801 1.0 50 5 −50 25 
w11201 1.3 50 5 −50 25 
w11001 1.4 50 5 −50 25 
 
 
Fig.  3.1  Composition of a series of Ti-C:H coatings deposited by ICP assisted 
hybrid CVD/PVD as a function of the Ti cathode current. For all depositions, the 
two Ti cathodes were operated at equal currents 13
Ti cathode current (Amp)

























The Raman Scattering measurements were carried out on a Micro Raman Instrument 
with a He-Ne laser supplying the excitation wavelength of 628.5nm and focused to a spot 
of 20µm in diameter. The laser power was 20 mW. To avoid laser heating effects, a filter 
was used during spectra collection to reduce the laser power to 2mW. Two operating 
modes were used in the measurements, one of which is 600grat/mm with a lower spectral 
resolution and wider spectral range from 250 to 2500 cm−1; the other of which was 1800 
grat/mm with a higher resolution but a narrower spectral range from 1000 to 1800 cm−1. 
Spectra collected from the former mode were intended to observe the slope changes of 
different spectra and those from the latter mode were used to facilitate peak fitting. 
Wear testing on the coatings was carried out in a ball-on-disk configuration with a 
CSEM High Temperature Tribometer. Counter parts used for the wear testing were 
52100 steel balls with a diameter of 4mm and surface roughness of about 62nm. All wear 
testing were performed in air with a relative humidity of 25% and at an ambient 
temperature of 20°C under unlubricated conditions. Normal load was fixed at 2N and 
sliding speed was 20cm/min. Sliding distance varied from 0.6m to 10,050m depending on 
the intended information needed in the study. The images of the steel balls before and 
after wear testing were observed through an optical microscope and recorded with a CCD 
camera. Diameters of the wear scars on the balls were measured through a computerized 
translation stage to an accuracy of 5µm. 
The AFM measurements were performed with a commercial microscope (Quesant 
Instrument QscopeTM 788). 
 
Results and Discussion 
 
Fig. 3.2 (a) and (b) shows the evolution of the Raman spectra of the as-deposited 
coatings versus Ti cathode current. The intensity of the Raman features changes as a 
function of Ti cathode current and decreases as Ti cathode current increases from 0.2 A 
to 1.4A. The strongest scattering was observed from the specimen with the lowest Ti 
composition. The Raman spectrum of the specimen with the highest Ti composition is 
essentially featureless. To understand the Raman spectral features, a fitting procedure 
based on deconvolution of the experimental spectra by Gaussian curves, including 
background subtraction by means of a polynomial adjustment was utilized. To obtain a 
good fit, it was necessary to use four Gaussians instead of two.  
 
 
Fig.  3.2  Evolution of Raman spectra of the as-deposited coatings 
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Fig. 3.3 shows the result of typical fitting of the raw Raman spectra. The 
interpretation of the fitted Raman features according to previous studies is shown in table 
3.2. Two dominant peaks centered at 1350 cm−1 and 1580 cm−1 respectively were 
observed from the as deposited coatings with lower Ti compositions (Fig. 3.2(a)). These 
are the commonly observed D and G peaks of disordered carbon.  
 
Table 3.2  Interpretation of the observed Raman features 14 
 
 
Fig. 3.4 shows the positions of the dominant Raman peaks from the as-deposited 
coatings with lower Ti compositions. The existence of the D-peak is related to the 
existence of aromatic carbon rings within the amorphous hydrocarbon matrix. The 
presence of the G-peak arises from the stretch vibrations of sp2 bonded carbon 15. 
 
 
Similarities and differences between the Raman spectra collected from the coatings 
and from the corresponding balls used in wear testing are demonstrated in Fig. 3.5. 
Figure 3.5 (a) is representative of typical Raman spectra from coatings deposited at lower 
Ti cathode currents. Spectrum b is collected from the as-deposited coating deposited at a 
Ti cathode current of 0.3A. Spectrum c shows typical Raman features collected from the 
film layer formed inside one wear track after a sliding test to a distance of about 880m. 
Curves a and d show respectively two typical Raman spectra of wear scar debris at 
Raman Feature  Possible Interpretation 
 (cm-1)                                     
    1180          Nanocrystalline diamond, hexagonal diamond, or sp3-rich phase 
    1305          Hexagonal diamond 
    1332          Cubic diamond 
    1350          D peak of nanocrystalline graphite or disordered carbon containing aromatic ring 
                      structures, related to the “breathing” motion of carbon atoms  
                      or condensed  benzene rings  
1490         Semicircle ring stretch vibration of condensed benzene rings or in the 
1575         G peak of graphite, nanocrystalline graphite, or disordered carbon, related to 
                 stretching vibration of sp2 coordinated carbon                   
Ti Gun Current (A)















Fig.  3.3  Results of typical fitting of 
Raman spectra. The spectra is from the 
Ti-C:H coating deposited at the Ti 
cathode current of 0.3A 
Fig.  3.4  Fitting results of the 
dominant Raman peak positions from 
the as-deposited coatings with lower Ti 
compositions 
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different locations on the corresponding ball used in the sliding test. The observed Raman 
features in all four spectra are typical of a-C:H 16. 
 
Figure 3.5(b) shows an analogous set of Raman spectra related to coatings deposited 
at higher Ti cathode currents. Spectrum a is collected from the as-deposited coating 
deposited at a Ti cathode current of 1.0A. Spectrum c shows typical Raman features 
collected from the film layer formed inside one wear track after a sliding test to the same 
distance of about 880m. Curves b and d show respectively two typical Raman spectra 
collected from wear scar debris at different locations on the corresponding ball used in 
the sliding test. Spectrum a shows that the a-C:H Raman signature is absent in the as-
deposited coating, consistent with the coating being predominantly B1-TiC, which is 
first-order Raman inactive due to its centrosymmetric crystal structure 17. The presence of 
the a-C:H like Raman signature in traces c, a and d in Fig. 3.5(a) and traces c, b and d in 
Fig. 3.5(b) indicates that disordered carbonaceous materials develop within the wear 
track after prolonged sliding contact with the steel ball and that some of the material 
transferred to the steel balls during continuous sliding. This transferred material may 
contribute to decreasing the observed friction coefficient. The increased sharpness of the 
D and G peaks in spectra a and d of Fig. 3.5 (a) may reflect a decrease in bond disorder 
and an increased dominance of short and medium range graphitic order in the transfer 
materials on the ball as compared with the as deposited coating 18. 
To better understand the friction and wear behavior of Ti-C:H coating, Raman 
spectra were collected from several spots inside the wear tracks of a series of coatings 
deposited at Ti cathode currents ranging from 0.2A to 1.4A, and from the wear scars on 
the corresponding steel balls used in the sliding tests. All the sliding tests were conducted 
under the same conditions, with a sliding speed of about 20cm/min and a total sliding 
distance of about 880m. Following the fitting procedure illustrated in Fig. 3.3, the Raman 
peak positions for each spectrum were determined and the fitting results are shown in 
Fig. 3.6. Figure 3.6(a) shows the Raman peak positions for spectra collected from inside 
the coating wear tracks. Similar to what is shown in Fig. 3.3, each spectrum has two 
dominant Raman bands, one of which is located at a higher wave number, the other of 
which is located at a lower wave number. Very small error bars on the data points 
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Fig.  3.5  Raman scattering spectra collected from as-deposited coatings, inside of 
wear tracks, and on the surfaces of worn balls: Ti-C:H coating deposited with a Ti 
cathode current of  0.3A (a) and 1.0A (b) 
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indicate that repeated fitting made little change on the band positions. From Fig. 3.6(a), it 
can be seen that Raman band positions for spectra collected from inside the wear tracks 
on the coatings deposited at lower Ti cathode currents are approximately the same: each 
spectrum has a band positioned around 1575 cm-1 and a band positioned around 1350 cm-
1. Both bands are believed to be related to the existence of graphite-like materials in the 
wear tracks. 
 
In contrast, inside the wear tracks of the coatings deposited at high Ti cathode 
currents, while some of the collected spectra are similar to those collected from coatings 
with low Ti compositions, additional spectra were observed. These additional Raman 
spectra exhibit a band positioned around 1575 cm-1 and another band positioned around 
the lower energy of 1310 cm-1. This band is believed to have its origin from some 
diamond-like materials. The existence of this diamond-like material in the coating wear 
tracks due to sliding may contribute to the increased friction coefficients and abrasive 
rates of the coatings with higher Ti composition. Similar Raman spectra were obtained 
from the corresponding steel balls after sliding, the results of fitting these spectra are 
shown in Fig 3.6(b). Figure 3.6(b) again indicates the development of carbonaceous 
transfer film on the mating balls during sliding contact with the Ti-C:H coatings. 
Fig. 3.7 shows two typical traces of friction coefficients of Ti-C:H coatings sliding 
against steel balls in the ball-on-disk configuration under unlubricated conditions. Figure 
3.7(a) shows one during sliding on a coating deposited at the Ti cathode current of 0.2A. 
The curve exhibits a gradual reduction in the friction coefficient initially and maintains a 
stable friction value of about 0.13 thereafter. This friction reduction corresponds to the 
formation of a transfer layer due to sliding, demonstrated previously with Raman 
spectroscopy, and a smoothening of surface asperities, which increases the contact area 
and results in a decrease of the actual contact stress. Figure 3.7(b) shows the friction 
coefficient during sliding on a coating deposited at the Ti cathode current of 1.4A. In 
contrast to data shown in Fig. 3.7(a), this curve shows much increased irregularity during 
the entire sliding period. Strong oscillations in the friction coefficients were observed 
from the beginning to the end with an average value of about 0.3. Differences between 
these two curves may be partially explained through the difference in transfer films 
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Fig.  3.6  Fitting results for the dominant Raman peak positions from the wear 
tracks (a) and  the corresponding steel balls used in the wear testing (b). The series 
of Ti-C:H coatings were deposited with Ti gun currents ranging from 0.2A to 1.4A  
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formed, as indicated in Fig. 3.5 and Fig. 3.6. Data shown in both figures suggest that, on 
coatings deposited at higher Ti cathode currents, some diamond-like materials form in 
addition to the graphite-like materials which forms due to sliding on all Ti-C:H coatings. 
The presence of the additional diamond-like materials may contribute to the increase of 
the average friction coefficient and the oscillations in the traces of friction coefficient 
versus sliding distance. 
 
Fig. 3.8 shows the friction coefficients of Ti-C:H coatings as a function of Ti cathode 
current during unlubricated sliding against steel balls. Figure 3.8(a) shows the average 
friction coefficient from a series of sliding tests to a distance of 6.4m, corresponding to 
running about 100 laps on the ball-on-disk setup. Figure 3.8(b) shows the results from a 
series of sliding tests to a distance of 880m, corresponding to running about 10,000 Laps. 
In both figures, average friction coefficients ranged from 0.13 on the low end to 0.27 on 
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Fig.  3.7  Typical traces of friction coefficients of Ti-C:H coatings sliding against 
steel balls with the ball-on disk mode under unlubricated sliding conditions:  
(a) coating coated with a Ti gun current of 0.2A; (b) coating coated with a Ti gun 
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Fig.  3.8  Friction coefficients of Ti-C:H coatings as a function of Ti cathode current 
during unlubricated sliding against steel balls with a sliding distance of (a) 6.4m 
running about 100 laps and (b) 880m running about 10,000 Laps 
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the high end. The transition from low to high friction coefficient occurs at Ti cathode 
currents ranging from 0.3A to 0.6A. The present result, showing increasing friction 
coefficients with increasing Ti composition within the coating, confirms previous 
observations 13. Difference between the two figures indicates that friction coefficients 
corresponding to coatings deposited at lower Ti cathode currents decrease as the sliding 
distance increases, while those corresponding to coatings deposited at higher Ti cathode 
currents seem to be less dependent on the sliding distance. The sensitivity of friction 
coefficient to the sliding distance again suggests the role transfer films plays in 
determining the friction behavior. 
Figures 3.9(a) shows the abrasion rate of one Ti-C:H coating deposited at Ti cathode 
current of 0.2A as a function of the number of sliding laps during a series of ball-on-disk 
sliding tests. Figure 3.9(b) shows the rate of abrasion of the steel ball during unlubricated 
sliding against Ti-C:H coatings as a function of the Ti cathode current used for coating 
deposition. All abrasion results shown in Fig. 3.9(b) were obtained at a total sliding 
distance of about 880m, corresponding to running about 10,000 laps. The abrasion rate 
was calculated by the volume of material worn off the steel ball after one sliding test 
divided by the normal load and the total sliding distance. The ball abrasion rate, shown in 
Fig. 3.9(a), exhibits a power law dependence on the numbers of sliding laps. This 
observation is consistent with a previous study, and was attributed to a gradual loss of 
sharper surface asperities as the sliding test continues 19. The dependence of the abrasion 
rate on the Ti composition of the coating (or the Ti cathode current used during 
deposition), shown in Fig. 3.9(b), also displays a transition from a low abrasion region 
with an average value of ~3×10-7 mm3/N⋅m to a high abrasion region with an average 
value of ~6×10-6 mm3/N⋅m as the Ti cathode current increases from 0.6A to 1.0A. 
Combining with result shown in Fig. 3.8(b), it is seen that Ti-C:H coatings have a low 
friction/low abrasion region, when the Ti cathode currents are below 0.3A, and a high 
friction/high abrasion region, when the Ti cathode currents are above 0.6A.  
 
Fig. 3.10(a) and (b) show typical surface morphologies, as measured by AFM, of Ti-
C:H coatings deposited on steel coupons at Ti cathode current of 0.3A and 1.4A, 
respectively. The surface undulations seen in both figures are typical of Ti-C:H coatings. 
Fig. 3.9  (a) Steel ball abrasion rate of one Ti-C:H coating deposited with a Ti 
cathode current of 0.2A as a function of the number of sliding laps; (b) Abrasion 
rates of Ti-C:H coatings as a function of the Ti cathode current used for coating 
deposition. Abrasion rates were obtained from unlubricated sliding tests with a 
sliding distance of ~880m, corresponding to running ~10,000 laps 
Ti Gun Current (A)





























Log (Number of Laps)





























The average roughness (Ra) of a series of Ti-C:H coatings deposited on 52100 steel 
coupons has been determined from AFM images. As the Ti cathode current during 
coating deposition varies from 0.2 to 1.4 A, Ra of as-deposited Ti-C:H coatings is ~ 20 
nm, approximately independent of the Ti composition. 
 
 
Fig. 3.11(a) and (b) show respectively the surface morphologies inside the wear 
tracks of two coatings after sliding tests to the same distance of ~880m. The two coatings 
were deposited respectively at the Ti cathode currents of 0.3A and 1.4A, whose as-
deposited surfaces are shown respectively in Fig. 3.10(a) and 3.10(b). The wear track on 
the coating deposited at the lower Ti cathode current, as shown in Fig. 3.11(a), with an 
average friction coefficient of 0.13 and a ball abrasion rate of 7.5×10-7 mm3/N⋅m, is quite 
smooth. Surface roughness is measured to be ~48nm. In contrast, the wear track on the 
coating deposited at the higher Ti cathode current, shown in Fig. 3.11(b), shows 
microscale grooves parallel to the sliding direction. The surface roughness is measured to 
be ~243nm. The measured friction coefficient is ~0.3, which is 2.3 times of that in the 
(a) (b) 
Fig. 3.10  Typical surface morphologies as seen by AFM of as-deposited Ti-C:H 
coatings: (a) coating deposited at a Ti cathode current of 0.3A; (b) coating deposited 
at a Ti cathode current of 1.4A 
(a) (b)
Fig. 3.11  Typical surface morphologies as seen by AFM inside the wear tracks on 
Ti-C:H coatings deposited at Ti cathode current of 0.3A (a) and 1.4A (b). The 
morphologies shown were developed after sliding ~880m against a steel ball 
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first case. The ball abrasion rate is ~2.0×10-5 mm3/N⋅m, which is 40 times of that in the 
first case.  
Figures 3.12(a) and (b) show optical micrographs of the wear scars on the two 52100 
steel balls after sliding against the two Ti-C:H coatings shown in Fig. 3.10 and Fig. 3.11, 
respectively. As shown in Figure 3.12(a), sliding contact with the Ti-C:H coating with the 
lower Ti composition led to the formation of a transfer film which covers almost the 
entire wear scar on the mating steel ball. In contrast, Figure 3.12(b) shows that the 
transfer film resulting from sliding contact with the Ti-C:H coating with the higher Ti 
composition covers the wear scar on the mating steel ball sparingly. Micro-Raman 
spectra obtained from the transfer film regions on the steel ball shows a-C:H like 
signatures. Figure 3.12 shows that the Ti composition of the Ti-C:H coatings affects 
transfer film formation on the mating steel balls during unlubricated sliding and the 
difference in transfer film formation is at least partly responsible for the observed 
difference in friction coefficient as the Ti composition of the coating changes. From the 
difference in the size of the wear scar shown in Figure 3.12, it can also be discerned that 




Friction and abrasion of Ti-C:H coatings have been studied as a function of the Ti 
composition by using 52100 steel balls sliding against the coatings in an unlubricated 
ball-on-disk configuration. Both friction coefficient and abrasion rate of steel ball vary as 
a function of Ti cathode current, and have a low friction/low abrasion region at lower Ti 
cathode currents and a high friction/high abrasion region at higher Ti cathode currents. 
While graphite-like transfer films are developed both in the coating wear tracks and 
on the mating steel balls at all Ti compositions, indication of diamond-like carbonaceous 
material formation in the coating wear tracks and on the corresponding steel balls is 
(a) 250 µm 250 µm (b)
Fig. 3.12  Optical micrographs of 52100 steel balls after unlubricated sliding against 
Ti-C:H coatings for a total distance of 880 m: (a) image of ball wear scar against a 
Ti-C:H coating deposited on a 52100 steel coupon at a Ti cathode current of 0.3 A; 
(b) image of ball wear scar against a Ti-C:H coating deposited on a 52100 steel 
coupon at a Ti cathode current of 1.4 A 
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suggested by the Raman evidence when the Ti-C:H coatings are deposited at higher Ti 
cathode currents. The formation of these diamond-like material due to sliding may be one 
contributing factor to the observed bimodal friction and abrasion characteristics of Ti-
C:H coatings. 
In addition, transfer film coverage of the mating steel balls is observed to vary with 
the coating composition. While transfer films developed during sliding contacts with Ti-
C:H coatings of lower Ti compositions cover almost the entire wear scar on the mating 
steel ball, transfer films resulting from sliding contact with Ti-C:H coatings with higher 
Ti compositions covers the wear scar on the mating steel ball sparingly. This variability 
in transfer film formation may be another contributing factor to the bimodal friction and 
abrasion characteristics of Ti-C:H coatings. 
Little difference exists in the surface morphologies of as-deposited coating in the 
entire Ti composition range examined. In contrast, after unlubricated sliding tests, surface 
morphologies in the coating wear track are observed to vary depending on the coating 
composition. At lower Ti cathode currents, coating wear tracks are relatively smooth, 
while rough wear tracks consisting of microscale grooves are observed at higher Ti 
cathode currents. 
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CHAPTER 4.  CONFORMAL COATING OF Ti-C:H NANOCOMPOSITES 
OVER LIGA FABRICATED HIGH-ASPECT-RATIO MICROSCALE 




Microelectromechanical system (MEMS) devices, both passive and active, are 
targeted for applications in harsh environments such as high temperatures, corrosive 
media, or severe mechanical contact. With regard to active devices, micro-devices 
involving moving parts in contact, such as gear trains or combustion chambers with 
piston-cylinder devices, require component surfaces to possess adequate 
oxidation/corrosion resistance, appropriate tribological characteristics, and good high 
temperature stability. This chapter will focus on LiGA-fabricated (Lithographie, 
Galvanoformung, Abformung) 1 2 passive devices, examples of which include cross flow 
micro heat exchangers 3 4, mechanical seals with micro heat exchangers embedded under 
the active sealing surface 5, or catalytic converters with micro pores. The three-step LiGA 
microfabrication process consists of X-ray lithography, electrodeposition, and molding. 
The mold inserts that result at the completion of the electrodeposition step have features 
with vertical sidewalls. These inserts are routinely used to compression mold or injection 
mold high-aspect-ratio micro-scale structures (HARMS) with heights exceeding 1 mm 
and with height-to-width ratios exceeding 10. The molding step makes possible, at least 
in theory, economic mass production of polymeric, metallic or ceramic components, 
although molding of polymeric HARMS has been by far the most successfully 
implemented 6 7.  
The passive applications listed above all involve flow of a fluid through banks of 
micro channels with lengths of 1-2 mm and length/diameter ratios of 2-10 to increase the 
efficiency of heat or mass transfer. For these applications, the importance of integrated 
circuit (IC) processing compatibility, which is often an integral component of MEMS 
design architecture, is much reduced relative to robust mechanical/chemical performance. 
In many situations, far more important are the near-surface properties of the component, 
such as corrosion or wear resistance, which may not be adequately provided by the bulk 
material from which the component is fabricated. In these cases, appropriate conformal 
coatings on topologically complex surfaces may be required. Fig. 4.1 shows a cross flow 
micro heat exchanger that has recently been fabricated and is currently being tested as a 
micro boiler. When used as a boiler, hot combustion gases pass through the plane of the 
heat exchanger via thousands of parallel channels converting water to steam as it passes 
within the plane of the boiler. In this application, corrosion resistance and high 
temperature stability are of importance, especially on the hot gas side, and the surface 
properties of the electrodeposited Ni from which the heat exchanger are made become 
unacceptable. A conformal coating that protects the complex gas-side surface of the 
boiler could greatly enhance the performance/life of the boiler.  
Another example where properties of the near-surface region are critical is the 
molding of HARMS, especially metallic HARMS. An electrodeposited Ni mold is shown 
in Fig. 4.2(a). Such molds have been used to mold polymeric structures such as the one 
                                                 
* Reprinted from Thin Solid Films with the permission of Elsevier 
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shown in Fig. 4.2(b). At present, attempts to mold similar metallic structures have not 
been successful. One reason for this difficulty lies in the fact that the injected or 
embossed metal reacts and bonds with the electrodeposited mold insert. This, coupled 
with the disadvantage that LIGA mold inserts do not provide a taper for easy part release, 
explains the present difficulties in molding metallic HARMs. Modifying the near-surface 
region of the mold insert with a coating that can eliminate the formation of a strong bond 




Engineering HARMS-covered surfaces by coatings must satisfy two criteria. First, 
the coating needs to be synthesized with desired mechanical, tribological, and chemical 
properties and it must adhere strongly to the surface. Second, the coating needs to cover 
topologically complex HARMS-covered surface in a conformal fashion. In this paper, we 
investigate applying Ti-containing hydrocarbon (Ti-C:H) coatings to LiGA-fabricated Ni 
(a) (b) 
Fig.  4.1 A LIGA fabricated Ni cross flow micro heat exchanger: (a) a magnified 
view of the heat exchanger, (b) a cut away view of the heat exchanger showing 





Fig.  4.2  Molding of micro-scale structures: (a) an electrodeposited Ni micro mold 
insert, (b) a molded polymer part from the Ni mold insert 3 
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HARMS. Ti-C:H coatings have been shown to be pseudo-binary nanocomposites 
consisting of nanocrystalline B1-TiC embedded within an amorphous hydrocarbon (a-
C:H) matrix 8. The elastic modulus and hardness of these coatings vary systematically 
with the Ti composition over a wide and useful range 9. When Ti-C:H coatings contact 
WC-Co in unlubricated sliding, the friction coefficient and the coating wear rate are 
much lower than those for a Ni/WC-Co contacting pair. In addition, the coating 
composition significantly influences the friction coefficient and coating wear rate 10. We 
present preliminary results on conformal deposition of Ti-C:H coatings on 
electrodeposited Ni HARMs by plasma-assisted vapor phase deposition. In addition, we 
report on tribological characteristics of Ti-C:H coatings on macro-scale flat surfaces in 




Electrodeposited Ni HARMs were fabricated with the LiGA technique using the 
combined facilities of the Micro-systems Engineering Team (µSET) and the electron 
synchrotron facility of the Center for Advanced Microstructures and Devices (CAMD) at 
Louisiana State University. The X-ray masks were fabricated by µSET and consist of Au 
absorber structures supported by a 200 µm thick graphite membrane. Polymethyl 
methacrylate (PMMA) sheets on 304 stainless steel substrates were exposed to X-ray 
from the synchrotron running at 1.3 GeV. Ni electrodeposition into developed PMMA 
cavities on stainless steel substrates was carried out in a Ni sulfamate solution. After 
electrodeposition, the structures were soaked in acetone to remove the residual PMMA, 
cleaned in acetone and methanol, and used as substrates for coating deposition. Further 
details on X-ray mask fabrication, PMMA sheet exposure and development, and Ni 
electrodeposition have been described elsewhere 11. 
Deposition of Ti-C:H coatings was carried out in an inductively coupled plasma 
(ICP) assisted hybrid chemical/physical vapor deposition (CVD/PVD) tool, which  
combines a 13.56 MHz ICP with balanced magnetron sputter sources. Cleaned Ni 
HARMs substrates were loaded into the deposition tool through a load lock. Base 
pressure prior to coating deposition was ~ 2×10-8 Torr. The deposition sequence consisted 
of plasma etching of substrate surfaces in a pure Ar ICP at a substrate bias voltage of –
100V, pure Ti interlayer deposition, and Ti-C:H deposition. The deposition of a pure Ti 
interlayer promotes coating/substrate adhesion, and was carried out by sputter deposition 
with the ICP shut off. Ti-C:H deposition was carried out in the hybrid CVD/PVD mode, 
in which two facing magnetron sources sputtered two pure Ti cathodes (99.99+%) in an 
Ar(99.999+%)/C2H2(99.99+%) ICP at a total pressure ~ 1.7 mTorr. The substrate bias 
voltage during Ti interlayer and Ti-C:H deposition was –50V. For all depositions, the two 
Ti cathodes were operated at equal currents and the substrates were rotated continuously 
in the center of the deposition zone at ~ 12 revolutions/min. At a fixed ratio of Ar and 
C2H2 input flow rates and a fixed ICP input power, the Ti composition of the Ti-C:H 
coating was varied by varying the Ti cathode currents. The hybrid CVD/PVD tool and 
Ti-C:H deposition procedures have been described in more detail elsewhere 12 13 14. No 
intentional substrate heating or cooling was applied during the entire deposition process.  
Electron probe microanalysis (EPMA) on a JEOL 733 microprobe was used to 
qualitatively evaluate the compositional variations of Ti-C:H thin films as a function of 
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position along electrodeposited Ni HARMs. An incident electron beam energy of 6 keV 
was used. Ti, C, and Ni k-ratios were obtained with a pure Ti, diamond, and a pure Ni 
specimen as the standard, respectively 15. Auger electron spectroscopy and Auger sputter 
depth profiles of Ti-C:H coatings deposited onto electrodeposited Ni HARMs were 
obtained using a Physical Electronics PHI 680 scanning Auger nanoprobe as a function 
of position along the HARMs features, which quantitatively determines the 
compositional variations of Ti-C:H thin films as a function of position along 
electrodeposited Ni HARMs. Data were acquired using a 10 kV, 10 nA electron beam. 
Auger spectra were recorded in the N(E) mode and were derivatized using a 5-point 
moving average derivative filter. Peak-to-peak intensities were adjusted using vendor 
supplied sensitivity factors and normalized to 100 atomic percent. The carbon line was 
further treated using a linear least squares fitting routine. Data were fitted to an ensemble 
average of data from the center of the amorphous carbon film. Auger sputter depth 
profiles were obtained by sputtering the specimen using a 5 kV Ar+ beam. Sputter time 
was translated into sputter depth using data obtained from a 315A thick SiO2 on Si 
standard. Scanning electron microscopy (SEM) examinations were carried out on a JEOL 
840A microscope.  
 
Results and Discussion 
 
The potential of conformal Ti-C:H deposition over LIGA fabricated Ni HARMs is 





Fig.  4.3 SEM micrographs of a square array of cylindrical Ni microposts after Ti-
C:H deposition: (a) low magnification view; (b) cross-section perpendicular to post; 
(c) cross-section near the post top parallel to post, (d) cross-section near the 
post/substrate transition parallel to post
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Fig. 4.3(a) shows a SEM micrograph of a square array of cylindrical Ni microposts, 
on which a Ti-C:H film was deposited. The microposts are ~ 550 µm in height, ~ 180 µm 
in diameter, with a post-to-post spacing of ~ 915 µm. Fig. 4.3(b) shows a cross-sectional 
SEM micrograph of a micropost. The cross section is perpendicular to the post direction. 
A Ti-C:H film, ~ 3 µm in thickness, is deposited uniformly around the entire micropost 
perimeter, conforming to the surface geometry. Fig. 4.3(c) shows a cross-sectional SEM 
micrograph of the top portion of a micropost, with the cross section parallel to the post 
direction. Conformal Ti-C:H deposition is again evident, with post corners well covered. 
Fig. 4.4(d) shows another parallel cross-sectional SEM micrograph of the bottom portion 
of a micropost. Ti-C:H deposition has covered the entire post, including the post/substrate 
transition areas which form sharp corners. 
 
 
Fig. 4.4(a) shows a field of square Ni microposts also coated with Ti-C:H with a 
different geometry as compared with those shown in Fig. 4.3. The microposts are 150 µm 
× 150 µm in cross section, 1000 µm in height, and 220 µm in post-to-post spacing. 
yielding a height to post spacing ratio of 4.5. Fig. 4.4(b) shows a cross-sectional SEM 
image perpendicular to one post near the top, clearly showing conformal deposition 
(a) (b) Epoxy 
Ni





Ti-C:H ~ 2.5 µm 
Ti-C:H ~ 0.4 µm 
(d) 
Epoxy Ni Epoxy Ni 
Ti-C:H  
~ 670 nm 
Ti-C:H 
~ 400 nm 
Fig.  4.4  SEM images of Ti-C:H/Ti coated Ni HARMs: (a) a Ti-C:H/Ti coated field 
of square Ni microposts; (b) a cross-sectional image perpendicular to a post near the 
top of the post;  (c) cross-sectional images parallel to a post showing respectively the 
coating on the top of the post and the bottom of the substrate between posts; (d) 
cross-sectional images parallel to a post showing respectively the coating on the post 
sidewall between the top and the middle and between the middle and the bottom 
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around one corner of the post. Fig. 4.4(c) shows two cross-sectional SEM images parallel 
to one post, showing the coating on top of the post and on the bottom of the substrate 
between protruding posts. The coating thickness is ~ 2.5 µm on the top, and decreases 
significantly to ~ 0.4 µm on the bottom substrate surface between posts. A significant 
decrease in coating thickness on the post sidewalls is also observed. Fig. 4.4(d) shows 
two cross-sectional SEM images parallel to one post, showing the sidewall coating 
thickness decreases from ~ 0.67 µm between the top and the middle of the post to ~ 0.40 
µm between the middle and the bottom of the post. Fig. 4.3 and Fig 4.4 shows that, with 
the present Ti-C:H deposition process, coating coverage over such HARMs-covered 
surfaces is conformal, but not uniform when the height to spacing ration of the 
microstructure is high.  
Freestanding Ti-C:H microtubes were fabricated out of the Ti-C:H covered 
cylindrical microposts. After Ti-C:H deposition, the field of microposts was encapsulated 
in PMMA and mechanically polished perpendicular to the post direction until the Ti-C:H 
cap on each micropost was removed. The PMMA encapsulation was then dissolved in 
acetone, and the micropost structures were electrochemically polished in a solution of 
57%H2SO4/43%H2O (by volume) at room temperature. The electrochemical polishing 
was carried out in a galvanostatic mode with a current density of 0.5 A/cm2. A total 
polishing time of 200 min was used. Because Ti-C:H is resistant to such as 
electrochemical attack, Ni was preferentially removed by electropolishing, leaving a Ti-
C:H microtube structure. The pure Ti interlayer was also removed by the electropolishing 
process. Fig. 4.5(a) shows a SEM micrograph of a freestanding Ti-C:H microtube, whose 
height is ~ 280 µm after mechanical polishing. Some Ni remains at the tube bottom. A 
small crack in the microtube located at the top rim can be observed, resulting probably 
from damage during mechanical polishing. That this crack does not lead to disintegration 
of the microtube, even after the Ni substrate was removed, attests to the structural 
integrity of the Ti-C:H film. Fig. 4.5(b) shows the morphology of the Ti-C:H microtube 
external surface. The micrometer/sub-micrometer scale surface undulations are typical of 
plasma deposited hydrocarbon films. The Ti-C:H microtube shown in Fig. 4.5(a) has a 
height-to-wall thickness ratio of ~ 90. Such micro-scale structures with extremely high 




Fig.  4.5  SEM micrographs of a freestanding Ti-C:H microtube: (a) overview of one 
microtube; (b) morphology of the microtube external surface 
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The conformal Ti-C:H deposition by the hybrid CVD/PVD process onto Ni HARMs 
was further investigated with EPMA and AES combined with SEM by simultaneous 
deposition onto a set of Ni HARMs substrates with varying geometries.  
Fig. 4.6(a) and (b) show respectively two SEM micrographs of a square array of 
cylindrical microposts and a linear array of rectangular microposts, on which a Ti-C:H 
film was deposited during the same run. The cylindrical microposts are ~ 520 µm in 
height, ~ 100 µm in diameter, with a post-to-post spacing of ~ 200 µm. The rectangular 
microposts are ~ 520 µm in height, ~ 10000 µm in width, and ~ 100 µm in thickness. The 
microposts shown in Figures 4.6(a) and 4.6(b) are from the middle of two entire arrays, 
which were dissected in half after the Ti-C:H deposition.  
 
 
Fig. 4.6(c) and (d) show respectively EPMA measured Ni k-ratio and the ratio of Ti 
k-ratio to C k-ratio as a function of position from bottom to top along the cylindrical 
micropost and rectangular micropost. The presence of Ti and C signals along the entire 
micropost sidewalls shows complete Ti-C:H coverage. On both microposts, a gradual 
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Fig.  4.6 Compositional characterization of Ti-C:H covered Ni microposts: (a) a 
SEM micrograph of the cylindrical microposts; (b) a SEM micrograph of the 
rectangular microposts. EPMA measured Ni k-ratio and ratio of Ti k-ratio to C k-
ratio as a function of position along the cylindrical micropost (c), and the 
rectangular micropost (d). In (a) and (b), A and B mark the 20 µm and 480 µm 
positions in (c) and (d), respectively 
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observed as the top of the post is approached. The increase in the ratio of Ti k-ratio to C 
k-ratio indicates that the total amount of Ti increases along the length of the micropost 
toward the top. The decrease in the Ni k-ratio as the top of the micropost is approached 
could result from increased Ti absorption, and/or an increase in the Ti-C:H/Ti film 
thickness. The smaller Ni k-ratio shown in Fig. 4.6(c) indicates that a thicker film was 
deposited onto the cylindrical micropost. 
Whether deposition of Ti-C:H thin films onto electrodeposited Ni HARMs would 
lead to changes in the substrate surface morphology was investigated. Fig. 4.7(a) shows a 
SEM micrograph of a portion of the rectangular micropost field before Ti-C:H 
deposition. The striations along the micropost sidewalls resulted from imperfections in 
the graphite membrane X-ray mask. Fig. 4.7(b) shows a SEM micrograph of the 
micropost sidewall after Ti-C:H deposition. It is evident that the gross striations existed 
prior to deposition were replicated. Additional micrometer/sub-micrometer surface 
undulations are introduced due to Ti-C:H deposition, as shown in Fig. 4.5(b).  
 
 
After Ti-C:H deposition, scanning Auger depth profiling was carried out on the top 
of rectangular and cylindrical microposts, on the bottom of the substrate between 
microposts, and on the micropost sidewalls close to the top, middle, and bottom, 
respectively. To obtain these spatially selective composition – depth profiles, ion beam 
sputtering of the post top and bottom between posts was carried out using a 1 mm × 1 
mm raster and a sputter rate of 190 A/min. Ion beam sputtering of the post sidewall was 
carried out using a 2 mm × 2 mm raster and a sputter rate of 50A/min. Auger spectra 
were acquired using an electron beam rastered over a 25 µm × 25 µm area after each ion 
beam sputtering step. Depth profiles on the micropost sidewall were obtained in a single 
ion beam sputtering experiment. Care was taken to ensure that the Auger analysis areas 
were in the center of the sputter crater. 
Fig. 4.8 shows composition – depth profiles of the Ti-C:H coating deposited on one 
rectangular micropost as a function of location. The micropost is from the middle of a 
field with a post-to-post spacing of 400 µm. Fig. 4.5(a) shows composition – depth 
profiles on the top of the post and on the bottom between posts. The Ti-C:H layers appear 
to be uniform in composition, ~ 25 at. % Ti. The data show distinct Ti interlayers 
(a (b
Fig.  4.7  SEM micrographs of rectangular Ni microposts: (a) before Ti-C:H 
deposition, (b) after Ti-C:H deposition
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between the Ni substrate and the Ti-C:H layers. Based on the increase of the Ni signal, 
the total coating thicknesses on the top and bottom are respectively 1.95 and 1.25 µm, 
again showing a significant decrease in coating thickness from the top of the post to the 
bottom between posts. Coatings on the top and bottom between posts appear to be 
contamination free, with oxygen level close to the background (~ 3 at. %). Fig. 4.8(b) 
shows composition – depth profiles on the post sidewall. Based on the Ni signal increase, 
the total coating thicknesses near the top, middle, and bottom of the sidewall are 0.88, 
0.62, and 0.50 µm, respectively. As compared to the top and bottom between posts, 
coating thickness along the rectangular micropost sidewall is significantly smaller. As a 
function of location, coating thickness along the sidewall decreases towards the bottom. 
The coating/Ni interfaces also appear to be broader. The increased substrate sidewall 
roughness would contribute to this apparent interface broadening. Whether as distinct a 
Ti interlayer exists on the sidewall as compared to the top and bottom between posts 
remains to be determined with probes of higher spatial resolution. The Ti composition of 
the Ti-C:H layer on the sidewall is slightly lower than that on the top and bottom between 
posts, ~ 21 at. %, but shows no significant variation as a function of location along the 
sidewall. Data in Fig. 8(b) also show significant oxygen level within the Ti-C:H layers (> 
10 at. %). The oxygen level decreases with increasing depth into the coating. 
 
 
Ti-C:H deposition occurred in the hybrid CVD/PVD mode. Fluxes of sputtered 
atomic Ti and hydrocarbon ions/radicals within the Ar/C2H2 ICP arrive at the substrate 





























































































Fig.  4.8  Composition – depth profiles of Ti-C:H/Ti deposited over a Ni rectangular 
micropost: (a) on the top of the post and on the bottom of the substrate between 
posts, (b) on the micropost sidewall near the top and the bottom 
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during Ti-C:H formation. At the deposition pressure of ~ 1.7 mTorr, gas phase transport 
of sputtered Ti atoms is expected to be largely ballistic. Shadowing is therefore expected 
to decrease the Ti atom flux on the sidewall of the rectangular micropost towards the 
bottom. The fact that the Ti composition of Ti-C:H along the sidewall remains rather 
constant as a function of location suggests that the hydrocarbon flux responsible for 
deposition also decrease on the sidewall towards the bottom, which in turn suggests that 
the local plasma density decreases. Further plasma density and plasma potential 
measurements are needed to address these issues. The significant oxygen level within the 
Ti-C:H layers on the sidewall cannot be due to an external vacuum leak, since significant 
oxygen levels would then be expected in the Ti-C:H layers on the top and bottom 
between posts. The variation of oxygen level with depth is also inconsistent with an 
external vacuum leak. The reason for the presence of a significant amount of oxygen in 
the Ti-C:H layer on sidewalls remains unexplained at present. 
Fig. 4.9 shows composition – depth profiles of the Ti-C:H coating deposited on one 
cylindrical micropost as a function of location. The micropost is from the middle of a 
field, again with a post-to-post spacing of 400 µm. Based on the Ni signal increase, the 
total coating thicknesses on the top of the post, on the bottom between posts, and on the 
side wall near the top, middle, and bottom are 2.14, 1.76, 1.00, 1.07, and 0.98 µm, 
respectively. With the more open substrate geometry, the coating thickness difference 
between the top and bottom between posts, as well as at different locations along the 
sidewall, is not as pronounced as in the rectangular micropost case. In particular, the 
sidewall coating thickness appears to be uniform, although still considerably smaller than 
the top and bottom coating thickness. Auger depth profiling again reveals no oxygen 
contamination within the coating on top and bottom, and a significant oxygen level of > 
10 at. % on the sidewall. The increase in coating/Ni interface broadening and the 
apparent lack of a well-defined Ti interlayer on the sidewall are similar to the 
observations made on the rectangular micropost. The Ti composition is approximately 
constant on top, bottom, and post sidewall, ~ 25 at. %. 
 
 
Although the results presented demonstrates the potential of the ICP assisted 
CVD/PVD process and the Ti-C:H coating materials for HARMs based microsystem 
applications, much work remains. At present, the dominant gas phase species responsible 
for Ti-C:H deposition are not known. Understanding the dominant gas phase species and 
Fig.  4.9  Composition – depth profiles of Ti-C:H/Ti deposited over a Ni cylindrical 















































their relationship to plasma parameters would contribute to developing better deposition 
procedures for more uniform coating coverage on HARMs. The possibility of supplying 
Ti from the gas phase by employing a Ti-containing gaseous precursor remains to be 
explored in the future. The issue of coating adhesion is critical for many of the envisioned 
applications involving micro-scale contact, and the understanding of which remains a 




Preliminary results on conformal deposition of Ti-C:H thin films over LIGA 
fabricated Ni HARMs are reported. It is demonstrated that Ti-C:H coatings deposited by 
the ICP assisted hybrid CVD/PVD process over Ni HARMs with ~ 1000 µm in height 
and ~ 220 µm in mutual spacing are conformal, but not uniform. Coating composition 
appears to be relatively constant as a function of location along the micro-features. The 
structural integrity of the Ti-C:H films allowed freestanding, extremely high aspect-ratio 
structures to be built out of vapor deposited nanostructured ceramics. Applications 
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CHAPTER 5.  COMPRESSION MOLDING OF Pb AND Zn WITH LiGA 




Microfabrication technologies are being intensely investigated for constructing 
devices for electrical, biochemical, and mechanical engineering applications. Fabrication 
of high aspect ratio microscale structures (HARMS) with the LiGA (Lithographie, 
Galvanoformung, Abformung) technique, based on deep X-ray lithography and 
electrodeposition 1 2, allows novel mechanical devices with enhanced performance, such 
as high-efficiency micro heat exchangers 3 and temperature controlled mechanical seals 4, 
to be conceptualized. Beyond device concepts, incorporation of materials suitable for the 
intended device application is of paramount importance for actual device realization. For 
example, micro heat exchangers made of high thermal conductivity/low mass density 
metals such as aluminum is key to realizing the higher heat transfer per unit weight 
resulting from the reduced device length scale. 
In the LiGA process, high energy X-ray radiation is used to perform deep 
lithography on resists, either polymethyl methacrylate (PMMA) or epoxy based SU-8, up 
to a few mm in thickness. Once the exposed resist layer is developed, electrodeposition of 
metals and alloys into the resist structure followed by chemical dissolution of the 
remaining resist yields either the final HARMS product or a metallic microscale mold 
insert. The mold insert can subsequently be used to mass produce secondary HARMs by 
compression molding 5. The deep X-ray lithography step of LiGA requires resist 
exposure through patterned masks to high energy/high intensity X-rays typically 
available only from a synchrotron source. The high cost of synchrotron operation 
contributes dominantly to the high cost of direct LIGA fabricated HARMS and mold 
inserts, making the molding (Abformung) step of LIGA the key to economical production 
of HARMS based micro devices. Currently, replication of metallic HARMS by 
compression molding with LIGA fabricated inserts is not possible. This inability to mass 
replicate metallic HARMs limits the realization of micro heat exchangers and many other 
HARMS based mechanical devices. 
One major obstacle to compression molding of metals is the chemical/mechanical 
interactions between the hot metal and the insert, which result in bonding and lead to 
damage of the insert, the molded metallic part, or both. In macroscale molding, lubricants 
are air sprayed onto the insert surfaces prior to molding 6. For micromolding, because of 
the small linear dimensions (~200 µm) and high aspect ratios (>4) of the inserts, 
repeatable and uniform application of sprayed lubricants onto insert surfaces is difficult 
to achieve. A different approach is to modify the near-surface 
chemical/mechanical/tribological properties of the insert to alter the chemical/mechanical 
interactions between the hot metal and the insert surface, allowing easy and repeated 
insert/part separation. 
Using a high-density inductively coupled plasma (ICP) assisted hybrid chemical 
/physical vapor deposition (CVD/PVD) technique, we have previously deposited Ti-
containing hydrocarbon (Ti-C:H) coatings conformally onto LiGA fabricated HARMS 7. 
As a prototypical example of two-phase ceramic nanocomposites, Ti-C:H coatings 
                                                          
* Reprinted from Microsystem Technologies with the permission of Springer-Verlag 
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consist of nanocrystalline B1-TiC clusters embedded in an amorphous hydrocarbon (a-
C:H) matrix 8. The mechanical and tribological properties of Ti-C:H coatings, 
characterized by moderate hardness and low friction, depend systematically on the 
coating composition 9. The coating microstructure undergoes a percolation-type 
transition, where it evolves from one with isolated TiC nanocrystals embedded in an a-
C:H matrix to one with coalescing TiC nanocrystalline clusters percolating through the 
matrix and isolated a-C:H regions as the Ti composition increases 10. The surface 
chemical properties are therefore expected to change as the coating composition changes. 
The ability to tune the chemical/mechanical/tribological properties of ceramic 
nanocomposite coatings makes them promising candidates for engineering surfaces of 
LIGA fabricated inserts for compression molding of metals. 
In this chapter, the performance of Pb and Zn micromolding with LIGA fabricated 
microscale mold inserts is critically examined. We report similarities and differences in 
molding performance between uncoated Ni inserts and Ni inserts conformally coated 
with Ti-C:H coatings. Our preliminary results indicate that altering the insert near-surface 





Ni microscale mold inserts, consisting of fields of cylindrical microposts 500 µm in 
height and 100 µm in diameter, were fabricated with the LIGA technique using the 
electron synchrotron at the Louisiana State University Center for Advanced 
Microstructures and Devices (LSU CAMD) and the electrodeposition facilities at Mezzo 
Systems Inc. Further details about the X-ray mask fabrication, X-ray exposure, PMMA 
pattern development, and Ni electrodeposition have been reported previously 7. Residual 
PMMA was dissolved in acetone after Ni electrodeposition. All Ni inserts were cleaned 
in acetone and methanol prior to being used to compression mold Pb or Zn plates in the 
uncoated condition or to being used as substrates for Ti-C:H coating deposition. 
Deposition of Ti-C:H coatings was carried out in an ICP assisted hybrid CVD/ PVD 
tool, which  combines a 13.56 MHz ICP with balanced magnetron sputter sources. 
Further details on the hybrid tool have been reported previously 11 12. The base pressure 
prior to Ti-C:H deposition was ~ 2.5×10-8 Torr. The deposition sequence consists of a 
substrate surface etch, a Ti interlayer deposition, and a Ti-C:H layer deposition. Substrate 
etch occurred in a pure Ar ICP at a total pressure of ~ 1.7 mTorr, a total ICP input power 
of 1000W, a substrate bias of –100V, and a etch duration of 10 minutes. The Ti interlayer 
deposition was carried out by sputter deposition for 15 minutes in pure Ar at a total 
pressure of ~ 1.7 mTorr and a fixed Ti cathode current of 1.0 A. Ti-C:H deposition was 
carried out for 20 minutes in the hybrid CVD/PVD mode at a fixed ratio of Ar and C2H2 
gas input flow rates of 50/30, a total pressure of ~ 1.7 mTorr, a fixed ICP input power of 
1000W, and a Ti cathode current of 1.0A. The substrate bias during Ti interlayer and Ti-
C:H deposition was –50V. Substrates were rotated continuously in the center of the 
deposition zone at ~ 12 rpm during etching and depositions. No intentional substrate 
heating or cooling was applied during the entire deposition process. 
Molding experiments were performed on a PHI Model TS-21-H-C(4A)-5 
compression molding machine, shown schematically in Fig. 5.1(a). A molding chamber, 
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shown in Fig. 5.1(b), held the metal plate on the bottom half and the insert on the top 
half. An elastomer O-ring seal between the two halves of the molding chamber allowed it 
to be evacuated. Both the metal plate to be molded and the mold insert were heated prior 
to molding, whose temperatures were controlled through separate heaters/programmable 
temperature controllers. The molding chamber was placed between the two platens of the 
molding machine, which exerted a compression load on the molding chamber through a 
hydraulic oil system. Both 1/8 inch thick Pb plates and 3/16 inch thick Zn plates were 
molded with uncoated and Ti-C:H coated Ni inserts. The diameter of metal plates was 5.3 
inches. The molding chamber was always evacuated to ~ 1 Torr with a mechanical pump 
prior to molding. Identical temperature-time-force histories were used in molding 
experiments with uncoated and Ti-C:H coated inserts. In both Pb and Zn molding 
experiments, the insert and the metal plate were heated to 300oC, which is the maximum 
temperature reachable by the molding machine. Pb molding was performed at a total 
compression load of 650 lbs for 25 minutes. Demolding was carried out after cooling 
down to 260 oC over a 5 minute period. Because of the significant strength of Zn at 
300oC, load was gradually increased during Zn molding from 900 lbs to the maximum 
load capacity of 1400 lbs and the compression step lasted ~ 3 hours. Shorter molding 
cycles did not produce sufficiently defined features on the Zn plate. Demolding was 
carried out immediately after the molding process without any intentional cooling. Due to 
the presence of guide pins and load springs on the molding chamber, the exact force 
exerted on the insert/plate pair during molding was unknown. 
 
 
Scanning Electron Microscopy (SEM) examinations were carried out on a JEOL 
840A microscope. Both the surfaces of the mold inserts and the molded features on the 
metal plates were examined. Cross sections were performed on the Ti-C:H coated Ni 
inserts, both perpendicular and parallel to the micropost direction. Cross sectional 
specimens were prepared by embedding the insert in epoxy, polishing with SiC papers of 
decreasing grit size from 240 to 800, and final polishing with 1µm polycrystalline 
diamond suspension. Qualitative elemental analysis of the insert surface and the molded 
features on metal plates was performed with an X-ray energy dispersive spectrometer 















Fig.  5.1  The PHI compression molding machine: (a) a schematic of the machine 
layout; (b) a photograph of the molding chamber with an insert mounted on the top 
half 
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Results and Discussion 
 
Fig. 5.2(a) shows a low magnification SEM micrograph of a typical as-fabricated Ni 
insert, consisting of a field of cylindrical microposts, 500 µm in height and 100 µm in 
diameter. The post-to-post spacing of this particular insert is 700 µm. Figures 5.2(b) and 
(c) show, at higher magnification, one micropost close to the top and bottom, 
respectively. The striations parallel to the post direction as well as the finer markings 
along the circumferential direction are typical of the LIGA fabrication process, and may 
reflect the surface relief features on the PMMA resist after X-ray exposure.  
 
 
Fig. 5.3(a) shows one micropost on the insert after Ti-C:H deposition. Fig. 5.3(b) and 
(c) show respectively views of one micropost close to the top and bottom. While some 
remnant striations along the micropost direction are still visible, the finer markings along 
the post circumferential direction have disappeared due to Ti-C:H coverage. The surface 
morphology, consisting of nodules 10 µm or less in size together with submicron 
undulations, is typical of plasma deposited Ti-C:H coatings 7.  
 
 
(a) (b) (c) 
Fig. 5.2  SEM micrographs of a Ni mold insert in the as-fabricated condition: (a) 
low-magnification view of a field of cylindrical microposts, (b) sidewall near the post 
top, (c) sidewall near the intersection of the post and the Ni base. The micropost 
diameter is 100 µm and the post-to-post spacing is 700 µm 
(a) (b) (c)
Fig.  5.3  SEM micrographs of a Ti-C:H coated Ni mold insert in the as-coated 
condition: (a) low-magnification view of one micropost, (b) sidewall near the post 
top, (c) sidewall near the intersection of the post and the Ni base. The micropost 
diameter is 100 µm and the post-to-post spacing is 700 µm 
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Fig. 5.4 shows cross-sectional SEM micrographs obtained from one micropost of the 
Ti-C:H coated insert. Cross sections perpendicular to the post, parallel to the post close to 
the middle section, and parallel to the post at the intersection between the post and the Ni 
base, shown respectively in Figures 4.4(a), 4.4(b), and 4.4(c), clearly demonstrate 
conformal Ti-C:H coverage of the microposts and the Ni base surface between the 
microposts, including the micropost/Ni base intersections. 
 
 
Microholes were created in the Pb plate by compression molding with uncoated and 
Ti-C:H coated Ni inserts. The uncoated and Ti-C:H coated inserts both consisted of fields 
of cylindrical microposts 100 µm in diameter and 500 µm in height. The post-to-post 
spacings for the uncoated and Ti-C:H coated inserts were 500 and 400 µm, respectively. 
Figures 5.5(a) and (b) show one microhole within a field of microholes on Pb plates 
molded with the uncoated insert and the Ti-C:H coated insert, respectively. Fig. 5.5(c) 
and (d) show views of the respective hole interiors, with relatively smooth sidewalls and 
sharp bottom to sidewall transitions. In both cases, full molding was achieved, with the 




(a) (b) (c) 
Fig.  5.4 Cross-sectional SEM micrographs of Ti-C:H coated cylindrical microposts:
(a) perpendicular to a micropost; (b) center section parallel to a micropost; (c) 
parallel to a micropost at the intersection between the post and the Ni base 
(a) (b) 
Fig.  5.5  SEM micrographs of molded microholes in Pb: (a) one microhole molded 
by an uncoated Ni insert; (b) one microhole molded by a Ti-C:H coated Ni insert 
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Fig. 5.6(a) and 5.6(b) show one typical micropost within a field of microposts on the 
uncoated insert and the Ti-C:H coated insert after Pb molding, respectively. In both cases, 
there is neither significant damage to nor significant Pb transfer on any of the microposts. 
(c) (d) 
Fig.  5.5  (Continued) (c) the hole interior molded by the uncoated Ni insert, (d) the 
hole interior molded by the Ti-C:H coated Ni insert. The micropost diameters for 
both inserts were 100 µm. The post-to-post spacing for the uncoated and Ti-C:H 
coated inserts was 500 and 400 µm, respectively 
(a) (b) 





































Fig.  5.6  Condition of uncoated and Ti-C:H coated mold inserts after molding Pb: 
(a) a single micropost showing the sidewall and the top rim of an uncoated Ni insert, 
(b) a single micropost showing the sidewall and the top rim showing the sidewall 
and the top rim of a Ti-C:H coated Ni insert, (c) an EDS spectrum collected from 
the area close to the post top rim of the uncoated insert, (d) an EDS spectrum 
collected from the area close to the post top rim of the Ti-C:H coated insert 
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Fig. 5.6(c) and 5.6(d) show respectively an EDS spectrum acquired from an area close to 
the micropost top rim of the uncoated insert and the Ti-C:H coated insert, indicating 
some Pb pickup around the micropost top rim in both cases. Repeated molding cycles did 
not cause any noticeable change or degradation of the uncoated and the Ti-C:H coated 
inserts.  
A contrasting situation is provided by Zn micromolding. Fig. 5.7(a) shows a low-
magnification view of an array of microposts on an uncoated Ni insert after molding Zn. 
The micropost diameter is 100 µm and the post-to-post spacing is 800 µm. Fig. 5.7(b) 
shows a magnified view of one micropost, including the post sidewall and top rim 
regions. In contrast to Pb molding, significant material pickup (area A) and damage to the 
post top region (area B) were observed on every Ni micropost. Fig. 5.7(c) shows an EDS 
spectrum collected from area A shown in Fig. 5.7(b), indicating that the protrusion 
consists mostly of Zn. Fig. 5.7(d) shows an EDS spectrum from area B shown in Fig. 
5.7(b), indicating no presence of Zn. It appears that area B was exposed Ni after a piece 
of the original Ni micropost was torn away during the demolding process, after it reacted 










































Fig.  5.7  Condition of uncoated Ni insert after molding Zn: (a) a low-magnification 
view of an array of microposts, (b) a single micropost showing the micropost 
sidewall and top rim regions, (c) an EDS spectrum from area A on the micropost top 
showing Zn pickup, (d) an EDS spectrum from area B showing no Zn. The 
micropost diameter is 100 µm and the post-to-post spacing is 800 µm 
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Fig. 5.8(a) shows a low magnification view of several microholes in the Zn plate 
molded by the uncoated Ni insert. Fig. 5.8(b) shows the interior of one microhole. Due to 
the limited molding temperature and load, only partial molding was achieved. In contrast 
to the Pb case, molding of Zn with uncoated Ni inserts lead to the presence of significant 
disruptions on the microhole sidewall surface. These disruptions are believed to be 
related to the significant amount of Zn transfer to the top of the uncoated Ni microposts. 
Fig. 5.7 and 5.8 suggest that Zn reacted with the uncoated Ni microposts during the 
molding process, which lead to damage of micropost, significant Zn transfer on the 
micropost, and microhole sidewall disruptions. This shows that uncoated Ni inserts 
would not be sufficient for Zn molding since these problems would be exacerbated after 
repeated molding cycles. 
 
 
Fig. 5.9(a) and (b) show one micropost on a Ti-C:H coated Ni mold insert after 
embossing Zn and a magnified view of the post top rim region, respectively. In contrast 
to Zn molding with the uncoated Ni insert, the Ti-C:H coated insert shows little damage 
to the post top region or Zn pickup. Fig. 5.9(c) shows a representative EDS spectrum 
from the majority of the micropost area, indicating no Zn transfer. Fig. 5.9(d) shows an 
EDS spectrum collected from the post top rim region, showing some Zn transfer. The 
 
(a) (b) 
Fig.  5.8  SEM micrographs of microholes in Zn molded by the uncoated Ni insert: 
(a) a low-magnification view of several microholes; (b) a magnified view of the 
interior of one microhole showing sidewall disruptions 
(a) (b) 
Fig.  5.9  Condition of Ti-C:H coated Ni insert after molding Zn: (a) a SEM image of 
a single micropost; (b) micropost sidewall close to the top rim
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presence of oxygen signal in the EDS spectra may signal some coating oxidation. Fig. 5.6 
and 5.9 show that conditions of Ti-C:H coated Ni inserts after molding Pb and Zn are 
similar, with essentially no damage to the inserts and little material pickup.  
Fig. 5.10(a) shows a low-magnification view of several microholes in Zn molded by 
the Ti-C:H coated insert. Fig. 5.10(b) shows the interior of one microhole, showing 
relatively smooth sidewalls. Again, only partial molding of Zn was achieved, due to the 
current limitations on temperature and compression load. Nevertheless, Fig. 5.9 and 5.10 
indicate that Ti-C:H coated Ni mold inserts is effective for molding Zn, due to the fact 
that the Ti-C:H coating on the Ni microposts acts as a barrier to reactions between the Ni 
microposts and the Zn plate. 
 
 
Post-molding examinations shown in Fig. 5.5 and 5.6 indicate that, for Pb molding, 
uncoated and Ti-C:H coated inserts exhibit similar performance, both in terms of feature 
generation on the Pb plate and insert integrity after molding. Both uncoated and Ti-C:H 
coated inserts appear to separate readily from the Pb plate in the demolding step. EDS 
analysis illustrated that most of insert features were Pb free after a few molding cycles. 








































Fig.  5.9 (Continued)  (c) a representative EDS spectrum from the majority of the 
micropost area shows no Zn pickup; (d) an EDS spectrum collected from the post 
top rim region showing some Zn pickup 
(a) (b) 
Fig.  5.10  SEM micrographs of micro-holes in Zn molded by the Ti-C:H coated 
insert: (a) a low-magnification view of several microholes, (b) a magnified view of 
the interior of one microhole showing relatively smooth sidewalls 
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Similar examinations shown in Fig. 5.7 to 5.10 indicate that, for Zn molding, Ti-C:H 
coated inserts exhibit clearly improved performance. The absence of reaction between Pb 
and the uncoated Ni insert and the presence of significant reaction between Zn and the 
uncoated Ni insert can be readily understood considering that the heats of mixing of Ni-
Pb and Ni-Zn alloys have been estimated to be +2 kJ/mol and −23 kJ/mol, respectively 13. 
Pb and Ni are immiscible in both the solid and liquid states, while Zn and Ni form several 
intermetallic compounds in the solid state and are completely miscible in the liquid state 
14. The presence of the Ti-C:H coating on the Ni insert alters the Zn/insert chemical 
interaction, leading to the improved molding performance. In both Pb and Zn molding, 
material pickup observed around the micropost top rim regions was related to the 
presence of a slight lip resulting from the LIGA fabrication process, and can be 
eliminated with improved LIGA fabrication procedures. 
For a soft metal such as Pb, in the absence of metal/insert chemical interaction, the 
present results indicate that surface modification of the Ni insert is not necessary to 
achieve Pb micromolding. In the case of Zn, where significant metal/insert chemical 
interactions exist, surface modification of the Ni insert is clearly needed to achieve Zn 
micromolding. In addition to altering the metal/insert chemical interactions, optimal 
temperature-time histories remain to be determined to improve molding performance. 
After repeated molding cycles, crack-like features appeared on the Ti-C:H coating in the 
Ni base area between microposts, presumably due to thermal expansion mismatch 
between Ti-C:H and the underlying Ni substrate. Failures of the coating/insert system, 
such as coating cracking, spalling, and wear, critically affect the lifetime of coated 
inserts. Detailed understanding of mechanisms controlling such failures is critical to the 





A comparative study of micromolding of Pb and Zn metals at 300 oC with uncoated 
and Ti-C:H coated Ni microscale mold inserts fabricated by the LIGA technique has been 
carried out. Molding performance has been characterized by detailed examinations of 
feature generation on the metal plates and inserts condition after molding. Current results 
show that successful Pb micromolding can be achieved with both uncoated Ni inserts and 
Ti-C:H coated Ni inserts, while Ti-C:H coated Ni inserts are necessary for Zn 
micromolding. The difference in molding performance can be understood by considering 
the difference between the thermodynamics of Ni-Pb and Ni-Zn systems, and show that 
altering the metal/insert chemical interactions is a key element for successful 
micromolding of reactive metals. The present study suggests that, with an improved 
temperature-time history, conformal deposition of Ti-C:H coatings onto Ni inserts will 
lead to full molding of Zn. Design and synthesis of suitable nanostructured ceramic 
coatings for surface engineering of LIGA fabricated microscale mold inserts require 
further understanding of the complex chemical/mechanical interactions between the 
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CHPATER 6.  HIGH-TEMPERATURE INSTRUMENTED MICROSCALE 




In the arsenal of microfabrication technologies, the LiGA (Lithographie, 
Galvanoformung, Abformung) technique, based on deep X-ray lithography and 
electrodeposition 1, is unique in its ability to make high aspect ratio microscale structures 
(HARMS). Due to the high cost of synchrotron radiation and the slow speed of 
electrodeposition, metal HARMs made from electrodeposition into deep resist structures 
made by X-ray lithography are very expensive. Therefore the molding (Abformung) step 
of LiGA holds the key to economical production of HARMs based micro devices. 
Currently, little effort on replication of metallic HARMS by compression molding with 
LiGA fabricated inserts is reported in the literature. 
One major obstacle to high-temperature microscale compression molding of metals 
is the chemical/mechanical interactions between the hot metal and the insert. These 
interactions can result in insert/metal bonding and lead to insert damage, inadequate 
feature definition on the molded metal, or both. We have previously shown that 
modifying the insert near-surface chemical/mechanical/tribological properties by 
applying a conformally deposited ceramic coating can enable micromolding of reactive 
metals such as Zn with Ni inserts 2. In cases where no chemical interaction exists between 
the insert and the hot metal, such as Pb and Ni 3, surface modification of the Ni insert is 
not necessary. 
In addition to surface chemical/mechanical interactions, bulk mechanical properties 
of LiGA fabricated microscale mold inserts need to be considered. Ni has commonly 
been used to build LiGA based HARMS. The Ni electrodeposition (Galvanoformung) 
process typically leads to the formation of a nanocrystalline structure. Upon heating to 
higher temperatures, extensive structural evolution occurs within the electrodeposited Ni 
4, leading to a significant decrease of its yield strength, from ~370MPa in the as-
deposited condition to ~140MPa after annealing to 400oC 5. If contact stresses during 
micromolding exceed the yield strength of the Ni insert at the molding temperature, 
plastic deformation of the insert is expected, which will lead to insert deformation and 
loss of shape definition. Despite these concerns, little information on stresses needed for 
high-temperature microscale compression molding of metals and subsequent insert 
extraction is available in the current literature. 
In this chapter, high-vacuum, high-temperature instrumented micromolding of Pb 
with LiGA fabricated Ni inserts is reported. The ability to monitor the molding force, 
insert extraction force, and insert displacement during the micromolding process allowed 
to quantitatively measure the molding normal stress, demolding friction stress, and 
mechanical work needed for Pb micromolding as a function of temperature. The results 
show that, in cases where surface chemistry is favorable, present LiGA fabricated Ni 




                                                          




Ni microscale mold inserts, consisting of fields of cylindrical microposts 400 µm in 
height and diameter ranging from 100 - 200µm, were fabricated with the LiGA technique 
using the synchrotron facility at the Louisiana State University Center for Advanced 
Microstructures and Devices (LSU CAMD). Further details about the X-ray mask 
fabrication, X-ray exposure, resist pattern development, and Ni electrodeposition have 
been reported previously 2 6. Post-to-post spacing ranged from 400 - 800µm. All Ni 
inserts were cleaned in acetone and methanol prior to being used to compression mold Pb 
plates. Pb plates (99.9%) were in the form of circular disks with 1.4 inches in diameter 
and 0.25 inch in thickness. Pb plate surfaces were mechanically polished with SiC 
abrasive papers from 400 to 1000 in grit size prior to being molded. 
Instrumented micromolding was carried out using a single-axis MTS858 Mini-
Bionix II© testing system interfaced to a custom-built high-vacuum chamber. As shown 
in Fig. 1(a), the testing system included a hydraulically powered, cross-head-mounted, 
linear actuator, and a TestStar© digital controller capable of controlling either the load 
force or the actuator displacement. The linear actuator could be programmed to move 
according to prescribed load forces in the force-controlled mode or actuator 
displacements in the displacement-controlled mode. The axial force was measured by a 
5kN full-scale load cell with a resolution of ~5mN, and the axial displacement was 
measured by a linear variable displacement transducer (LVDT) with a resolution of 
~0.5µm. The entire molding/demolding process was programmed through the TestStar 
software and controlled through the TestStar digital controller. 
A high-vacuum molding chamber, shown in Fig. 1(b), and two heating stations 
within, were custom-built for the high-temperature micromolding experiment. The Pb 
plate to be molded was fixed on the lower heating station, mechanically attached to the 
bottom of the vacuum chamber. The Ni microscale mold insert was mechanically 
attached to the upper heating station, which was connected to the linear actuator through 
a Z-motion manipulator shown in Fig. 1(a). Each heating station was heated by three 
120V/300W heating cartridges. Temperatures of the two heating stations were varied 
independently through separate input voltages into the heating cartridges. Insert and Pb 
plate temperatures were measured by two separate K-type thermocouples connected to a 
Stanford Research Systems SR630 16-channel thermocouple monitor. Temperature – 
time histories were recorded on a computer through an interface to the thermocouple 
monitor. Pumped by a turbomolecular pumping system, the ultimate base-pressure of the 
molding chamber was below 1×10-8 Torr. All Pb micromolding experiments were 
performed at pressures below ~2×10-7 Torr at the final molding temperature. 
The entire micromolding process was divided into five segments: 1) a displacement-
controlled approach with a force limit; 2) a force-controlled molding with a displacement 
limit; 3) a constant force hold; 4) a displacement-controlled demolding; 5) a constant 
displacement final hold. The initial approach segment was executed with a constant 
displacement rate of 1mm/min. Before insert/Pb contact, a small compression force, ~ –
12N, arose from compression of the Z-motion manipulator bellow. In the approach 
segment, a force limit of –30N was therefore set to trigger the initiation of the second 
segment, ensuring insert/Pb contact. In the molding segment, a constant loading rate of 
100N/min was used together with a displacement limit of 500µm to ensure full molding 
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by the 400µm tall Ni insert and trigger the initiation of the third segment. After a 
constant-force hold for five minutes, the Ni insert was withdrawn 6mm at a constant 
displacement rate of 1mm/min, ensuring full demolding. The demolding segment was 
followed by the final hold segment. Using one Ni insert, the same micromolding process 
was repeated on a series of Pb plates heated to temperatures ranging from ~120°C to 
~270°C. The corresponding Ni insert temperatures were controlled to be within ~ 5°C of 
the Pb plate temperature. Demolding occurred at the same temperature as in the molding 
process. In addition, at the Pb plate temperature of ~200°C, the influence of three 
different loading rates in the molding segment, 33.33N/min, 100N/min and 300N/min, on 
the maximum molding force were studied. At the Pb plate temperature of ~175°C, the 
influence of three different insert withdrawal rates, 0.2mm/min, 1.0mm/min and 
5.0mm/min, on the maximum demolding force was also studied. Scanning Electron 
Microscopy (SEM) examinations of the molded features in Pb and the Ni insert condition 
after molding were carried out on a JEOL 840A microscope. 
 
 
Results and Discussion 
 
Fig. 6.2(a) shows an optical micrograph of a Pb plate after being compression 
molded by a microscale Ni insert at 256°C. The Ni insert contains 585 Ni microposts, 
150µm in diameter, arranged in a square array with a post-to-post spacing of 650µm. The 
imprints of four Ni support pads, located at the four corners of the square-shaped insert, 
are also clearly visible on the Pb plate. Each Ni support pad is at the same height as the 
 (a) 
(b)
Fig.  6.1  The custom-built, high-vacuum, high-temperature compression-molding 
machine: (a) an overview of the system layout; (b) a close-up view of the high-
vacuum chamber. The bottom heating station is visible through the view port 
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Ni microposts, and contains a threaded hole in the middle through which the insert was 
threaded to the upper heating station. No contact of the securing screws and the Pb plate 
took place during molding. Fig. 6.2(a) shows that features on the Ni insert were 
transferred in entirety to the Pb plate. Fig. 6.2(b) shows a SEM micrograph of the same 
Pb plate, clearly showing the presence of an array of sharply defined microholes. 
 
 
Fig. 6.3(a) and (b) show respectively the insert displacement and the total force on 
the linear actuator as a function of time during one entire Pb micromolding run at 118°C. 
6.5mm 
(a) (b)
Fig.  6.2  A Pb plate after micromolding by a LiGA Ni insert at 256oC: (a) an optical 
micrograph showing the entire molded Pb piece; (b) a SEM micrograph showing an 
array of microholes generated. The microhole diameter is 150µm and the hole-to-
hole spacing is 650µm 
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Fig.  6.3  Output signals from a Pb micromolding run at 118oC: (a) insert 
displacement vs. time; (b) total force on the actuator vs. time. The approach (A), 
molding (M), constant-force hold (H1), demolding (D), and constant-displacement 
hold (H2) segments of the micromolding process are delineated by dashed lines 
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During the approach segment, the slight increase in compression force due to insert 
movement, ~ –3N/mm, reflects the compression of the Z-motion manipulator bellow. 
During the molding segment, while the compression force increases with a prescribed 
rate of –100N/min, the insert displacement appears to be also varying linearly with time. 
After the constant force hold segment, the initial insert withdrawal led to a rapid change 
in the total force from a compressive to a tensile one. With continued insert withdrawal, 
the tensile force is seen to reach a maximum, and then decrease to a slowly varying 
background level. This background force changes with insert displacement at a rate of 
~+3N/mm, and reflects the stretching of the Z-motion manipulator bellow. The excess 
tensile force above this background measures the maximum force on the insert due to 
demolding friction. During the final hold segment, neither insert displacement nor force 
changes with time. 
Fig. 6.4(a) shows the force – displacement curve corresponding to micromolding of 
Pb at 118°C, extracted from the molding segment data shown in Fig. 6.3. The 
compressive molding force appears to be approximately linear with molding depth, and 
the area under the force – displacement curve reflects the total amount of work spent in 
the molding process. Experiments done at other temperatures likewise showed 
approximately linear force – displacement curves. Fig. 6.4(b) shows the total work of 
molding as a function of the Pb temperature, where the molding work is observed to 
decrease significantly with increasing temperature, from ~300Nmm at ~120°C to 
~100Nmm at ~270°C. Correspondingly, the maximum compressive molding force is 
shown as a function of the Pb temperature in Fig. 6.4(c), where a similar three-fold 
decrease in the magnitude of the compression force from ~1500N at ~120°C to ~500N at 
~270°C is observed. As expected from the approximately linear nature of the force – 
displacement curves, the ratio of molding work and maximum molding force, as shown 
in Fig. 6.4(d), is approximately 200µm, independent of the molding temperature. 
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Fig.  6.4  Quantitation of the micromolding process: (a) the load – displacement 
curve during the molding segment of a Pb micromolding run at 118oC; (b) total 
work of molding as a function of the Pb temperature 
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The quantitative measurement of the maximum molding force can be converted to a 
maximum normal compressive stress on the Ni microposts. The calculated result, taking 
into account the entire area of contact, is shown on the right hand side force axis in Fig.  
6.4(c). At the lowest molding temperature of ~120°C, the maximum molding force 
corresponds to a maximum normal compressive stress of ~18MPa. This is significantly 
below the measured yield stress of microscale electrodeposited Ni specimens heated to 
~400°C, ~140MPa 5, and shows that the electrodeposited Ni inserts should possess 
adequate strength for Pb micromolding. 
The portion of the force – time curve shown in Fig. 6.3(b) corresponding to the 
demolding segment is shown in more detail in Fig. 6.5(a). While the insert was 
continuously withdrawn from the molding Pb plate, the total force rapidly changes from 
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Fig.  6.4  (Continued)  (c) the maximum normal compressive molding force/stress as 
a function of the Pb temperature; (d) the ratio of the total molding work to the 
maximum compressive molding force  
Pb temperature during molding (癈 )





























































Fig.  6.5  Quantitation of the demolding process: (a) a section of the force – time 
data during the insert withdrawal segment of a Pb micromolding run at 118oC. 
The background delineated by the dashed line corresponds to a slope of ~3N/mm 
and reflects the stretching of the manipulator bellow; (b) the maximum demolding 
friction force/stress as a function of the Pb temperature 
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compression to tension, and reaches a maximum in tension at ~1560sec. The decrease of 
the maximum tensile force to the slowly varying background occurred in ~20sec after the 
maximum tensile force was reached, corresponding to a distance of further insert 
withdrawal of ~333µm at a displacement rate of 1mm/min. Considering the total height 
of Ni microposts of 400µm, it can be seen that the maximum demolding force was 
reached close to the point where the microposts had full side contact with Pb. The slowly 
varying background force, shown in Fig. 6.5(a) from ~1580sec to ~1587sec, corresponds 
to a slight decrease in compression force with further insert withdrawal, ~+3N/mm. The 
difference between the maximum tensile force and the extrapolated background measures 
the maximum demolding force experienced during the insert withdrawal process. Fig. 
6.5(b) shows the maximum demolding force as a function of the Pb temperature. Using 
the entire micropost side area, the measured maximum demolding force was converted 
into a maximum frictional stress during demolding. The demolding friction stress is 
shown on the right hand side of the demolding force axis in Fig. 6.5(b), where it is 
evident that it exhibits a smooth variation with molding temperature, and is on average 
~0.5MPa. 
Features generated on the Pb plate by micromolding are illustrated in Fig. 6.6 and 
Fig. 6.7. Figure 6.6(a) shows a close-up view of the top surface of one microhole in a Pb 
plate molded at 256°C. A view of the corresponding microhole interior is shown in Fig. 
6.6(b), where the relatively smooth sidewall and the sharp sidewall to bottom transition 
are evident. Depth measurements by optical interference microscopy showed that the 




Fig. 6.7(a) and (b) show respectively the views of one microhole top surface and the 
microhole interior on one Pb specimen molded at 118°C. Although well-defined 
microholes were generated by micromolding at 118°C, comparison between Fig. 6.6(b) 
(a) (b)
Fig.  6.6  Examination of microholes generated in Pb by micromolding at 256oC: (a) 
a SEM micrograph of the top surface of a microhole; (b) a SEM micrograph of the 
microhole interior 
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and Fig. 6.7(b) revealed rougher sidewall morphologies of the microhole molded at 
118°C. Thus while sharp geometric features can be generated by micromolding in the 
entire temperature range of ~120°C to ~270°C, the choice of an optimum molding 
temperature needs to take into account the molding and demolding forces required, as 
well as surface morphologies of the generated microscale features. 
 
 
Table 6.1 shows the influence of the prescribed loading rate in the molding segment 
of Pb micromolding on the maximum compressive molding force. Holding the Pb 
temperature at ~200 oC and all other process parameters constant, data shown in Table 1 
shows that changing the loading rate from 33.33N/min to 100N/min led to a slight 
increase of the maximum compressive molding force from 642N to 783N. No further 
change in the maximum compressive molding force was observed when the loading rate 
was further increased from 100N/min to 300N/min. The maximum demolding friction 
forces showed no systematic variation with the loading rate.  
 







Molding Force (N) 
Maximum Demolding 
Friction Force (N) 
205 33.33 642 74 
200 100.0 781 62 
203 300.0 783 72 
 
Table 6.2 shows the influence of the demolding rate on the maximum demolding 
friction force. Holding the Pb temperature at ~175 oC and all other process parameters 
constant, data shown in Table 2 shows that changing the insert withdrawal rate from 
0.2mm/min to 5.0mm/min does not seem to have a significant influence on the maximum 
(a) (b)
Fig.  6.7  Examination of microholes generated in Pb by micromolding at 118oC: (a) 
a SEM micrograph of the top surface of a microhole; (b) a SEM micrograph of the 
microhole interior 
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demolding friction force. The variation of the maximum compressive molding force 
shown in Table 2 is typical of the Pb micromolding experiments. 
 







Molding Force (N) 
Maximum Demolding 
Friction Force (N) 
177 0.2 989 72 
178 1.0 917 59 
173 5.0 995 66 
 
The condition of the Ni insert after repeated Pb micromolding runs is illustrated in 
Fig. 6.8. Fig. 6.8(a) shows that essentially no damage is visible on any of the Ni 
microposts. A close-up view of a typical Ni micropost is presented in Fig. 6.8(b), where it 
is evident that the micropost has not undergone any shape change. This is consistent with 
our molding and demolding stress measurements, which showed that stresses involved in 
Pb micromolding remained well below the Ni insert yield stress within the entire 
temperature range studied. 
 
 
Although the presently measured demolding frictional stresses, arising from sliding 
of the Ni micropost against the Pb microhole sidewall during insert extraction, are 
relatively low in magnitude (~0.5MPa), their influence on molding behavior is expected 
to increase as the lateral dimension to depth ratio of the microscale features increases. 
Further experimentation along this line is clearly needed. Although a soft metal such as 
Pb may not be a suitable structural material, specialized applications for Pb with 
compression molded microscale features may exist. The high X-ray absorption 
coefficient of Pb and its low melting temperature make molded Pb structures potential X-
(a) (b) 
Fig.  6.8  Condition of the LiGA Ni microscale mold insert after repeated Pb 
molding runs: (a) a low-magnification SEM micrograph of a field of Ni microposts; 
(b) a close-up view of one Ni micropost 
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ray masks or lost molds for replicating other metallic/ceramic HARMs. Applications in 




Microscale compression molding of Pb plates with LiGA fabricated Ni microscale 
inserts was carried out in a custom-built, high-vacuum, high-temperature, molding 
apparatus in the temperature range of 100 – 300oC. In-situ measurements of compressive 
molding force, demolding friction force, and insert displacement allowed total work of 
molding, maximum compressive normal stress required for molding, and maximum 
demolding friction stress to be measured as a function of molding temperature. Our 
results demonstrate that normal contact stresses required for Pb micromolding are well 
below the yield stress of electrodeposited Ni insert. The capability of measuring 
demolding friction stresses allows quantitative comparison of the efficacy of various 
insert surface engineering in the future. Sharp microscale features were generated on Pb 
plates by molding, and no apparent degradation of the Ni insert was observed after 
repeated molding runs. Our results show that present LiGA Ni inserts are adequate for 
repeated micromolding of low melting temperature metals, provided no significant 
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CHPATER 7.  MICROSCALE COMPRESSION MOLDING OF Al WITH 




The LiGA (Lithographie, Galvanoformung, Abformung) technique occupies an 
important place in the arsenal of micromanufacturing technologies. In the LiGA process, 
high energy X-ray radiation, usually from an electron synchrotron source, is used to 
perform deep lithography on either polymethyl methacrylate (PMMA) or epoxy-based 
SU-8 resists. Developing exposed resists followed by electrodeposition yields primary 
high aspect ratio microscale structures (HARMS). In contrast to silicon-based 
microfabrication techniques, the LiGA process yields microscale structures up to a few 
thousand µm in height and widths ranging from a few tens to a few hundreds of µm, 
consisting of metals and alloys rather than silicon-based materials 1. 
Currently, the main impediment to commercial deployment of LiGA 
micromanufacturing is cost. The cost for synchrotron radiation is high, and the speed of 
electrodeposition is low. These two factors conspire to make primary metallic HARMS 
prohibitively expensive as commercial devices. To reduce production cost and increase 
manufacturing speed, primary metallic HARMS can be used as mold inserts to replicate 
secondary HARMS by compression molding. Molding in the ideal case can replicate 
numerous microparts from one insert and greatly reduce the cost per part. Furthermore, 
the electrodeposition process is often controlled by complex electrochemistry, limiting 
the range of materials which can be readily deposited to a few transition metals and dilute 
alloys 2. If other metals and alloys can be compression molded with primary inserts, the 
range of materials which can be incorporated into HARMS based microdevices will be 
greatly increased. Thus economic fabrication of HARMS out of useful materials hinges 
on the ability to micromold. At the present time, microscale compression molding 3 and 
injection molding 4, using primary HARMS as inserts, have been utilized for replication 
of polymer-based HARMs. Recently, we have demonstrated micromolding of low 
melting temperature metals such as Pb and Zn with LiGA fabricated primary Ni HARMS 
inserts 5. Replication of Al-based HARMS by molding has not been achieved to date. 
Industrial motivation for economical mass production of Al-based HARMS is high. 
Al-based HARMS are prime candidates for high efficiency micro heat exchangers 6. 
Current micro heat exchanger prototypes were built out of non-optimal materials, such as 
polymers and electrodeposited Ni, using procedures that are not amenable to mass 
production 7. In addition, Al-based HARMS with high surface quality may also find 
applications as micro optical elements 8. 
The process of microscale compression molding of metals, which in general occurs 
at higher temperatures as compared to molding polymers, requires the consideration of 
two issues. At the molding temperature, the yield strength of the material making up the 
insert bulk has to be sufficiently high to endure the stresses needed for molding. In 
addition, the chemical/mechanical properties of the near-surface regions of the insert 
have to be adequate to allow repeated molding cycles without damage to the insert and 
the molded metal part. 
                                                          
*  Reprinted from Microsystem Technologies with the permission of Springer-Verlag 
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Mechanical properties of the insert bulk need to be considered, because as-
electrodeposited metallic HARMS are micro-/nano- crystalline in structure and undergo 
significant grain growth at elevated temperatures. Yield strength of electrodeposited Ni 
microparts decreased significantly to ~140MPa, less than 40% of the as-deposited value, 
when they are annealed to 400oC or higher 9. With decreasing yield strengths at 
increasing temperatures, the choice of molding temperature needs to reflect a 
compromise between the requirement of sufficiently high yield strength of the insert, 
which ensures no plastic deformation of the insert bulk, and the requirement of 
sufficiently low yield strength of the molded metal, which facilitates generation of 
microscale features by plastic flow without the need for excessive force. Currently, little 
quantitative data regarding forces required for microscale compression molding of metals 
exist in the literature.  
A qualitative difference in molding behavior exists depending on whether or not the 
insert and the molded metal have a thermodynamic driving force to mix. At present, 
electrodeposited Ni is the most common material choice for the insert bulk 10. Regarding 
the chemical/mechanical interactions between the Ni insert and the molded metal, Pb and 
Al exemplify two extreme situations. In one instance, Pb and Ni are immiscible in both 
the solid and the liquid state 11. In the other instance, Al and Ni have a strong driving 
force to form intermetallic compounds. We have previously shown that surface 
modification of as-fabricated Ni inserts is not necessary for Pb micromolding 12. In 
contrast, the significant chemical interactions between Al and Ni constitute a major 
barrier to Al micromolding with LiGA fabricated Ni inserts. 
During molding of a given metal, the chemical/mechanical interactions experienced 
by the insert depend critically on the chemical/mechanical/tribological properties of its 
near-surface region. If the mechanical properties of the insert bulk are sufficient, the key 
to successful high temperature micromolding of reactive metals is to alter the 
chemical/mechanical interactions between the insert and the molded metal. We have 
explored the use of ceramic coatings to modify the insert near-surface 
chemical/mechanical properties. With an inductively coupled plasma (ICP) assisted 
hybrid chemical/physical vapor deposition (CVD/PVD) technique, conformal deposition 
of Ti-containing hydrocarbon (Ti-C:H) coatings over LiGA fabricated Ni HARMS was 
demonstrated 13. Morphology and composition of conformally deposited Ti-C:H coatings 
over Ni HARMS were characterized by scanning electron microscopy (SEM) and 
scanning Auger electron spectroscopy (SAES) 14. Ti-C:H coatings consist of TiC 
nanocrystals embedded within an amorphous hydrocarbon (a-C:H) matrix 15, and exhibit 
mechanical/tribological properties which depend systematically on the coating 
composition 16 17. Although an aluminum carbide phase, Al3C4, exists, aluminum carbide 
formation induced by solid state reaction between Al and C is expected to be very 
sluggish 18. Ti-C:H coatings are therefore promising candidates for altering the 
chemical/mechanical interactions between the Ni insert and Al. 
In this chapter, we report high temperature instrumented micromolding of Al with 
as-fabricated and Ti-C:H coated Ni inserts. The molding force, demolding force, and 
insert displacement during molding were continuously monitored. Our results show that 
as-fabricated Ni inserts are not adequate for Al micromolding. We report here, to our 
knowledge for the first time, successful repeated high-temperature micromolding of Al, 




Primary Ni HARMs inserts were fabricated with the LiGA technique using the 
synchrotron facility at the Louisiana State University Center for Advanced 
Microstructures and Devices (LSU CAMD). Two inserts were used for evaluating the 
efficacies of using Ti-C:H coated and uncoated Ni inserts for Al micromolding. These 
two inserts were identical in nominal dimension, each consisting of a square array of 
cylindrical microposts, ~400µm in height, ~200µm in diameter, ~700µm in post center-
to-center spacing. Each insert had a total lateral footprint of ~1.8cm×1.8cm, and 
contained a total of 525 microposts. One Ni insert was used in the as-fabricated 
condition, and the other was conformally coated with a Ti-C:H coating. Further details 
about insert fabrication were described elsewhere [refs. 5, 13, 14]. 
Deposition of Ti-C:H coatings was carried out in an ICP assisted hybrid CVD/PVD 
tool 19. As-fabricated Ni HARMs were cleaned in acetone and methanol, loaded into the 
deposition chamber, and etched in a pure Ar ICP followed immediately by the deposition 
of a pure Ti adhesion layer and a Ti-C:H top layer. Ti-C:H deposition was carried out in 
the hybrid CVD/PVD mode, in which two Ti cathodes were sputtered in an 
Ar(99.999+%)/C2H2(99.99+%) ICP at a total pressure of ~1.7mTorr. The ratio of Ar and 
C2H2 input flow rates, the total ICP input power, and the Ti cathode current were fixed at 
5/3, 1000W, and 1.0A, respectively. Further details on conformal Ti-C:H deposition over 
HARMs structures were described previously [refs. 13, 14]. No intentional substrate 
heating or cooling was applied, and the substrate temperature was estimated to be ~250oC 
during deposition through separate thermocouple measurements. 
Circular Al (1100H14, 99%Al) disks were molded. The disks were 1.4 inch in 
diameter and 0.25 inch in thickness, with their top surface mechanically polished with 
SiC abrasive papers down to 1200 grit size prior to being molded. Instrumented 
micromolding was carried out using a MTS858 single-axis testing system interfaced to a 
custom-built high-vacuum chamber. Pumped by a turbomolecular pump system, the base 
pressure of the molding chamber was ~1×10-8 Torr. Two heating stations were installed 
within the vacuum chamber. Al plates to be molded were fixed on the lower heating 
station, mechanically attached to the bottom of the vacuum chamber. The insert was 
mechanically attached to the upper heating station, which was connected to the linear 
actuator through a bellow-sealed Z-motion feedthrough. The two heating stations were 
heated separately by resistive heating cartridges. Insert and metal temperatures were 
measured by two separate K-type thermocouples, with the temperature – time histories 
recorded on a computer. The entire molding/demolding process commenced after 
temperatures of the Al plate and the insert reached steady state. The inserts were heated 
to 462±5oC prior to molding. The Al plate temperatures prior to molding are given in 
Table 1. All Al micromolding experiments were performed at pressures ≤ 3×10-4 Torr at 
the final molding temperature. Insert attached to the linear actuator could be programmed 
to move according to prescribed load forces in the force-controlled mode or actuator 
displacements in the displacement-controlled mode. The axial force was measured by a 
5kN load cell with a resolution of ~5mN, and the axial displacement was measured by a 
linear variable displacement transducer with a resolution of ~0.5µm. Further details on 
the instrumented micromolding apparatus and the molding procedure were described 
elsewhere [ref. 12]. 
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SEM examinations of as deposited Ti-C:H coatings, inserts before and after Al 
molding runs, and molded Al plates were carried out on a JEOL 840A microscope. X-ray 
photoelectron spectroscopy (XPS) and scanning Auger electron spectroscopy (SAES) 
examinations were carried out on a Kratos AXIS165 Auger/XPS system. Optical 
profilometry (OP) measurements were carried out on a Wyko NT1000 interference 
microscope. XPS and AES data were collected using respectively monochromatic Al Kα 
and 5kV/45µA electron excitation. AES data were recorded in the N(E) mode and 
derivatized using a 23-point quadratic Savitzky-Golay filter. Surface profiles were 
obtained through OP in the vertical scanning interferometry (VSI) mode. XPS 
measurements on Ti-C:H coatings deposited with the same recipe on Si wafer substrates 
showed that oxygen impurity level is below 1 at.%, and the Ti to C ratio was less than 
0.05. 
 
Results and Discussion 
 
A number of Al disks were compression molded with the Ti-C:H coated Ni insert at 
~450oC. Figures 7.1(a) and 1(b) show respectively the axial displacement of and the total 
force on the insert as a function of time during one entire Al micromolding run at 458°C. 
At the beginning of the initial approach (A) segment, the insert did not make contact with 
the Al plate. In the approach segment, the insert was moved toward the Al plate at a 
constant displacement rate. The slight increase in compression force due to insert 
movement, about -3N/mm, reflected the compression of the Z-motion feedthrough 
bellow. Insert/Al contact was detected when the compression force showed an abrupt 
increase, at which time a constant loading-rate, -100N/min, molding (M) segment was 
initiated. During the molding segment, the insert displacement was observed to be 
roughly linear with time. The molding segment was terminated when the cumulated 
insert displacement within this segment reached 400µm, at which point a 5 min duration 
constant force hold (H) segment was initiated. After the hold segment, the insert was 
withdrawn from the Al plate at a constant displacement rate of 1000µm/min in the 
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Fig.  7.1  Data from an instrumented Al micromolding run at 458oC with a Ti-C:H 
coated Ni insert: (a) insert displacement vs. time; (b) total force on the insert vs. 
time. The initial approach (A), molding (M), constant-force hold (H), demolding 
(D), and final hold (F) segments of the micromolding process are delineated by 
dotted lines 
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demolding (D) segment. The initial demolding led to a rapid change in the total force on 
the insert, from a compressive to a tensile one. This tensile force reached a maximum, 
and then decreased to a slowly varying background level in ~21sec. This background 
force variation, about +3N/mm, reflected the stretching of the Z-motion feedthrough 
bellow after complete insert/Al plate separation. The insert was held at the final position 
for 2min during the final hold (F) segment, during which force on the insert remained a 
constant. 
The molding segment is examined in Figure 7.2(a), in which the molding force on 
the insert is displayed against molding depth for four consecutive Al micromolding runs 
with the same Ti-C:H coated Ni insert. Data shown in Figure 7.2(a) indicate very similar 
molding behavior during four consecutive Al micromolding runs with the same Ti-C:H 
coated Ni insert, from which the maximum molding force, occurring at the end of the 
molding segment, and the total work of molding were obtained and shown in Table 7.1. 
 
Table  7.1. Measured parameters of Al micromolding runs with one Ti-C:H coated 
















CI/1st 433 1627 341 189 
CI/2nd 459 1732 345 204 
CI/3rd 457 1677 368 223 
CI/4th 458 1644 346 225 
UCI/1st 460 1790 389 582 
 
The demolding behavior for these four Al micromolding runs is examined in more 
detail in Figure 7.2(b), in which total forces on the insert are displayed against time 
during the relevant portions of the demolding segments. The total axial force on the insert 
reached a maximum in tension, about +200N, and subsequently decreased to a slowly 
Molding Depth (µm)









































Fig.  7.2  Molding and demolding behavior during Al micromolding with the Ti-
C:H coated Ni insert at ~450oC: (a) molding force – insert displacement 
relationship for four consecutive molding runs; (b) demolding force versus time 
for four consecutive molding runs
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varying background in ~21sec. The difference between the maximum tensile force and 
the extrapolated background measures the maximum demolding force experienced during 
demolding, the values of which are also shown in Table 7.1. The duration of the tensile 
force decrease corresponds to an insert withdrawal distance of ~350µm. Considering the 
height of the microposts on the insert was 400µm, the maximum demolding force was 
reached close to the point where the microposts had full side contact with Al. Data shown 
in Table 7.1 indicate that, as the same Ti-C:H coated Ni insert was used to mold Al 
repeatedly, there was no significant increase in either the maximum molding force or the 
maximum demolding force. The demolding behavior, as judged from data shown in 
Figure 7.2(b), remained largely unchanged. 
The difference in Al molding/demolding behavior with Ti-C:H coated and uncoated 
Ni inserts is illustrated in Figure 3. The total force on the insert versus time during the 
entire molding/demolding cycle is shown in Figure 7.3(a). The initial approach segments 
are not shown. Force-time histories for the first and the fourth runs of the four 
consecutive molding runs with the Ti-C:H coated Ni insert are shown, together with the 
corresponding information recorded during the first molding run with an uncoated Ni 
insert. In all cases, the insert loading rate was held constant at 100N/min in the molding 
segment, resulting in an insert displacement rate of about 24µm/min. When the uncoated 
Ni insert was used to mold Al, a small increase in the maximum molding force was 
observed, as evidenced in Figure 7.3(a) and shown in Table 7.1. The more striking 
contrast was observed in the demolding behavior, as illustrated in more detail in Figure 
7.3(b). Rather than reaching a tensile force maximum in the beginning of insert 
withdrawal followed by a continuous decrease in the tensile force to the background 
level, the extraction of the uncoated Ni insert from the Al plate led to an increasing 
tensile force over a 90sec period. This tensile demolding force, over 2.5 times higher than 
the maximum demolding forces experienced with the coated Ni insert, led to a partial 
breakage of the insert attachment on the upper heating station, resulting in an abrupt force 
decrease. Even after the attachment breakage, a part of the insert remained attached to the 
Al plate, as reflected by the remnant tensile force above the background level. The Ni 
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Fig.  7.3  Micromolding of Al with Ti-C:H coated and uncoated Ni inserts: (a) total 
force on the insert versus time during three entire Al molding/demolding cycles 
with Ti-C:H coated and uncoated Ni inserts; (b) corresponding demolding force 
vs. time. Time origins in (b) were shifted to make the demolding curves coincide in 
the beginning of the demolding process 
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insert, after manual detachment, was significantly bent and unsuitable for additional 
molding runs. One side of the insert had extensive Al pickup, which embedded one entire 
row of Ni microposts. As expected, chemical interactions between the uncoated Ni insert 
and the Al plate led to bonding and difficulty in insert extraction from the Al plate after 
molding. 
Figure 7.4(a) shows an optical micrograph of the Al plate molded in the fourth 
molding run with the Ti-C:H coated Ni insert. The imprints of four support pads and 
rims, located respectively at the four corners and outer perimeters of the square shaped 
insert, are also visible on the Al plate. Support pads and rims are at the same height as the 
cylindrical microposts. Each support pad contained a threaded hole in the middle through 
which the insert was attached to the upper heating station. No contact of the securing 
screws and the Al plate took place during molding. Figure 7.4(a) shows that the molded 
Al plate contained in entirety the negative of the features present on the insert. The low 





Fig.  7.4 Condition of a Al plate after micromolding by the Ti-C:H coated Ni insert 
at 458oC: (a) an optical micrograph showing the entire molded Al plate; (b) a SEM 
image showing an array of microholes generated. The microhole diameter is 
200µm and the hole center-to-center spacing is 700µm; (c) and (d) are high 
magnification views from opposite sides of a typical microhole
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cylindrical microposts on the insert was faithfully replicated into a square array of 
cylindrical microholes on the Al plate. Higher magnification views from opposite sides of 
a typical microhole, shown respectively in Figures 4(c) and 4(d), show that molded Al 
microholes have sharp top rim, smooth sidewalls, and abrupt sidewall to bottom 
transitions. All 525 microholes were intact, and no damage to the microhole feature was 
observed. OP measurements showed microholes with depths about 400µm, 
demonstrating the achievement of 100% molding. Examination of other molded Al plates 
showed microholes with similar quality of feature replication.  
The overall condition of the Ti-C:H coated Ni insert after the fourth molding run is 
illustrated in Figure 7.5(a). The high magnification view of one typical Ti-C:H coated Ni 
micropost, shown in Figure 7.5(b), indicates little deformation of and no Al transfer on 
Ti-C:H coated Ni microposts after four consecutive molding runs. No coating 
delamination from the Ni microposts is evident. To our knowledge, data shown in 
Figures 7.4 and 7.5 represent the first successful demonstration of replication of Al 
HARMs by high temperature compression molding with LiGA fabricated inserts. 
 
Figure 7.6 shows conditions of the Al plate molded with the uncoated Ni insert and 
the uncoated insert after one molding run. Although a microhole array was generated on 
the Al plate, the low magnification view of the Al plate shown in Figure 7.6(a) shows that 
some Al was torn away from one side of each microhole. Some Al pickup occurred on 
each Ni micropost. The damage to the uncoated Ni insert is exemplified by the high 
magnification view of one typical Ni micropost in Figure 7.6(b), showing clear evidence 
of Al transfer after one molding run, which was confirmed by SAES. The asymmetric 
damage observed both on the Al plate and the Ni microposts is believed to be related to a 
small misalignment between the insert and the Al plate, resulting in preferential insert/Al 
contact on one side of the micropost. Since the same misalignment existed between the 
coated insert and the Al plate, data shown in Figures 7.4, 7.5, and 7.6 suggest that the 
reduced chemical/mechanical interaction between the insert and Al afforded by the 
conformal Ti-C:H coating led to more misalignment tolerance. Figure 7.6(c) illustrates 
(a) (b) 
Fig.  7.5  Condition of the Ti-C:H coated Ni insert after four consecutive Al molding 
runs at ~450oC: (a) insert overview; (b) high magnification view of a typical Ti-C:H 
coated Ni micropost on the insert 
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one form of severe insert damage. The high magnification view of the Al plate molded by 
the uncoated Ni insert shows that the particular Ni micropost was broken from the insert 
and trapped within the Al microhole. This is confirmed by the SAES spectra shown in 
Figure 7.6(d), taken in the spot mode respectively from areas outside and within the 
microhole. Outside the microhole [spot A], only Al signal is present in addition to C and 
O contamination. Inside the microhole [spot B], additional Ni signal is clearly present, 
confirming the material within the microhole is the trapped Ni micropost from the insert. 
While over ten such micropost breakages were observed on the uncoated Ni insert, none 
was observed on the coated insert. The broken microposts may reflect existing 
weaknesses due to the electrodeposition process. 
 
 
The measured maximum force needed to mold Al can be converted to a maximum 
normal compressive stress on the Ni insert. The calculated maximum compressive stress, 
taking into account the entire nominal area of contact, is ~18MPa at molding 
temperatures ~450oC. Our present observations showed no perceptible shape change in 
the microposts after molding, and suggest that electrodeposited Ni inserts possess 





























Fig.  7.6  Conditions of the uncoated Ni insert after one molding run and of the 
corresponding molded Al plate: (a) overview of the molded Al plate; (b) high 
magnification view of a typical Ni micropost on the insert; (c) high magnification 
view of a Ni micropost trapped within one Al microhole; (d) AES spectra obtained 
from outside (A) and within (B) the microhole 
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adequate bulk strength for Al micromolding at ~450oC. These observations are consistent 
with strength measurements on electrodeposited Ni microscale specimens [ref. 9]. 
Observations presented in Figures 7.4 and 7.5 suggest that no significant bonding 
occurred between Al and the Ti-C:H coated Ni insert. Thus it is justifiable to convert the 
measured maximum demolding force for the coated insert into a demolding frictional 
stress. Assuming full micropost sidewall contact when the maximum demolding force 
was generated, the average frictional stress based on the data shown in Table 7.1 is 
~1.1MPa. The same demolding force to frictional stress conversion cannot be made in the 
case of the uncoated Ni insert, since in this case adhesive forces likely make the dominant 
contribution to the demolding force, as evidenced in Figure 7.6. 
Further experimentation on Al micromolding also demonstrated the need for carbon 
based coatings with improved high temperature stability. Current Ti-C:H coatings were 
deposited at ~250oC, and may suffer hydrogen desorption at the higher molding 
temperatures of ~450oC, which may in turn induce further coating degradation. Figure 
7.7(a) shows a high magnification view of a typical micropost on the Ti-C:H coated Ni 
insert after the first Al molding run at ~450oC, showing no Al transfer on the micropost 
and little change in coating appearance. Figure 7.7(b) shows a high magnification view of 
another typical micropost on the same Ti-C:H coated Ni insert after the fourth Al 
molding run. Although little Al pickup on the micropost can be seen, there is clearly a 
change in a fraction of the Ti-C:H coating on the micropost, resulting in increased image 
brightness over some regions on the micropost. We speculate that this change may be due 
to hydrogen loss from the coating and subsequent coating graphitization, which changes 
the secondary electron yield of the region and therefore the brightness in the SEM image. 
Additional Al micromolding experiments were conducted at ~500oC with another 






Fig.  7.7  Behavior of Ti-C:H coatings deposited on Ni inserts at ~250oC during 
high temperature Al micromolding: (a) a typical Ti-C:H coated Ni micropost after 
one Al molding run at ~450oC; (b) appearance of the same Ti-C:H coating on 
another typical Ni micropost after four Al molding runs at ~450oC; (c) appearance 
of another Ti-C:H coating on another Ni insert after one Al molding run at 
~500oC. The compositions of all the Ti-C:H coatings were nominally identical. 
Change in secondary electron image brightness and coating appearance, 
speculatively attributed to graphitization, can be seen in areas marked “G” 
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composition deposited under nominally identical conditions. With the increase in 
molding temperature from ~450oC to ~500oC, Figure 7.7(c) shows that the change in the 
Ti-C:H coating evidenced in Figure 7.7(b) appears to accelerate. This is consistent with 
the expectation of accelerated hydrogen loss and graphitization of Ti-C:H at higher 
temperatures. Hydrogen loss from and graphitization of Ti-C:H coatings implies lessened 
coating durability and consequently shortened insert life. Extended life testing for coated 
inserts has not been conducted. 
In general, the choice of coating material is expected to influence the friction 
between the coated insert and Al during molding and the demolding force during insert 
withdrawal due to variation in the chemical/mechanical interactions. Detailed study on 
the high temperature tribochemistry between various coating materials and Al has not 
been conducted to date, and clearly deserves further investigation. Friction between the 
coated insert and the molded metal may influence sidewall roughness of molded features, 
which may impact the ability to use replicated Al HARMs for micro optical applications. 
The design of the insert/adhesion-layer/coating-layer system will affect coating 
delamination and therefore long-term insert life. Strategies for accelerated insert life 
evaluation need to be devised. The mechanical properties of the insert bulk may need 




In summary, microscale compression molding of Al plates with as-fabricated Ni 
inserts and Ni inserts conformally coated with a Ti-C:H coating was carried out. In-situ 
measurements of the molding force, demolding force, and insert displacement allowed 
molding behavior with as-fabricated Ni inserts to be compared quantitatively with that 
using Ti-C:H coated Ni inserts. Our results showed that as-fabricated Ni inserts are not 
suitable for Al micromolding, and that conformal Ti-C:H deposition over Ni HARMs 
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CHAPTER 8.  STRESS DURING MICROMOLDING OF METALS AT 
ELEVATED TEMPERATURES:  




Metal-based microdevices and micro-electro-mechanical systems (MEMS) have 
important advantages over Si-based MEMS, especially for devices designed to operate 
under high stresses, at high temperatures, or using the physical properties of metals and 
alloys. Because of these advantages, a number of metal-based microdevice prototypes 
have been built, and many more have been envisioned. Examples of existing, metal-
based, active microdevices include magnetohydrodynamic micropumps 1, electrostatic 
microactuators 2, and electromagnetic micro relays 3. Examples of existing, metal-based, 
passive microdevices include cross-flow micro heat-exchangers 4, microscale X-ray 
masks 5, and microscale chemical reactors 6. Most of the metal-based active or passive 
microdevices envisioned require the construction of microscale structures with larger 
ratios of height to lateral dimensions as compared to what is typical for Si-based MEMS. 
Despite the considerable practical implications if metal-based microdevices can be 
manufactured economically, current techniques for making metallic, high-aspect-ratio, 
microscale structures (HARMS) are much less well developed as compared to the 
mature, Si-based, integrated-circuit, fabrication technologies. 
Among the techniques for making metallic HARMS, one the most important is the 
LiGA (Lithographie, Galvanoformung, Abformung) technique based on deep lithography 
and electrodeposition. In the conventional LiGA approach, a primary pattern is generated 
in polymeric resist by X-ray lithography. The penetrating power of X-ray, usually from 
an electron synchrotron source, creates vertical structures in the resist ranging from a few 
hundred µm to a few thousand µm in height. Chemical dissolution of resist in areas 
exposed to X-ray is followed by metal electrodeposition into the developed resist 
recesses. Dissolution of the remaining resist after electrodeposition yields primary 
metallic HARMS. Further explanation of the LiGA process can be obtained elsewhere 7.  
Unfortunately, the electrodeposition process in LiGA is often controlled by complex 
electrochemistry, limiting the range of materials which can be readily deposited to Au, 
Cu, Ni, and dilute Ni alloys. Furthermore, the high cost of synchrotron radiation and the 
slow speed of metal electrodeposition conspire to make primary metallic HARMS too 
expensive for commercial deployment. Although replication of secondary structures by 
molding using electrodeposited primary metallic HARMS as mold inserts was proposed 
over twenty years ago 8, up to 2002 only polymer-based HARMS have been replicated 
from primary metallic HARMS by compression molding 9 or injection molding 10.  
Alternative techniques for fabricating metallic HARMS have been explored. 
Micromilling (µMIL) with tools fabricated with a focused ion beam technique extends 
the traditional metal cutting approach to the micro realm 11. Micro electrical-discharge-
machining (µEDM) have been used to machine HARMS out of metallic alloys 12 and 
electrically conducting ceramics 13. Techniques derived from the LiGA approach include 
micro powder injection-molding (µPIM) and micro casting (µCAS). In the µPIM 
approach, feedstock consisting of fine metal powders mixed with an organic binder is 
injected into a LiGA fabricated mold insert. After separation from the insert, the shaped 
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compact is subjected to multiple heat treatments to achieve close-to-full density 14. In the 
µCAS approach, plastic HARMS replicated from a LiGA fabricated mold insert are 
embedded in a ceramic investment material, which is fired to form a hollow ceramic 
mold by pyrolyzing the plastic structure. Molten metal is subsequently made to fill the 
ceramic mold by centrifugal or vacuum pressure casting 15. Serial subtractive techniques 
such as µMIL and µEDM are time consuming, and can suffer from serious tool wear. The 
µPIM technique requires multiple heat treatment steps, and suffers from incomplete mold 
filling and part shrinkage during heat treatment 16. The µCAS technique again requires 
multiple heat treatment steps, and is a “double lost mold” technique in that the initial 
plastic HARMS as well as the ceramic mold are sacrificed to obtain the final metallic 
HARMS. The disadvantages associated with each of these alternative techniques 
motivate further investigation of micromolding as a means of replicating secondary 
metallic HARMS. 
Recently, we have investigated the feasibility of directly replicating metallic 
HARMS by compression molding of metals with LiGA fabricated mold inserts. 
Successful replication of Pb and Zn HARMS was demonstrated with LiGA fabricated 
primary Ni mold inserts. It was shown that the process of high temperature micromolding 
of metals is strongly influenced by chemical and mechanical interactions between the 
molded metal and the mold insert. In the case where the molded metal and the insert are 
immiscible, such as Pb and Ni, no modification of the LiGA fabricated insert is 
necessary. In the case where the molded metal and the insert have a thermodynamic 
driving force to react, such as Zn and Ni, modification of the chemical and mechanical 
properties of the near-surface region of the insert is critical to achieving molding 
replication without damage to the insert or the molded features 17. We have investigated 
the potential of engineering the chemical, mechanical, and tribological properties of the 
near-surface region of metallic mold inserts by conformal deposition of nanostructured 
ceramic coatings over LIGA fabricated HARMS 18. The technique of high density plasma 
assisted hybrid chemical/physical vapor deposition was shown to be an effective means 
for conformal deposition of nanostructured ceramic coatings over HARMS with heights 
up to 1000µm 19. Following this approach, we demonstrated, in 2003, successful 
replication of Al-based HARMS, 400 to 500µm in height, by compression molding at 
~450oC with LiGA fabricated Ni mold inserts conformally coated with titanium-
containing amorphous hydrocarbon 20. As compared to other techniques for fabricating 
metal-based HARMS, this procedure for direct replication of metallic HARMS by high 
temperature compression micromolding is fast and simple, and therefore holds potential 
advantages in production cost and throughput. 
Besides the need to engineer the chemical and mechanical interactions between the 
molded metal and the mold insert, the bulk mechanical properties of LiGA fabricated 
inserts restrict the range of metals and alloys which can be compression molded. 
Electrodeposition of Ni and other metals and alloys typically results in the formation of 
nanocrystalline deposits. The extensive structural evolution occurring within the 
electrodeposited insert bulk at high molding temperatures can lead to a significant 
decrease in its yield strength 21. This yield strength decrease places limits on the highest 
allowable molding temperature and consequently the type of metals and alloys which can 
be compression molded. Although we have previously monitored in-situ the forces 
exerted on the mold insert during molding and extraction 22, the issue of how the 
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mechanical properties of the molded metal influence the contact stresses exerted on the 
mold insert during molding was not addressed. Answering this question enables an 
intelligent choice of molding temperature for any metal to be molded, provided its 
mechanical properties at the intended molding temperature are known. 
The metal Pb serves as a good model material in which to study the mechanics of 
micromolding. The first reason for choosing Pb is its immiscibility with Ni in both the 
solid and liquid states 23. Because of this immiscibility, LiGA fabricated Ni mold inserts 
in the as-fabricated state can be used repeatedly to generate well-defined microscale 
features in Pb by compression molding without damage 22. The second reason for 
choosing Pb is its melting temperature, Tm, of 601K. Because of this low melting 
temperature, Pb micromolding experiments can be easily executed in a wide range of 
reduced molding temperatures, T , where T  = T/ Tm and T is the temperature at which 
molding is undertaken. For example, Pb micromolding at T  ranging from 0.5 to 0.9 is 
readily achieved 22.  
This chapter reports on preliminary experiments and modeling pertaining to the 
mechanics of Pb micromolding, as carried out with LiGA-fabricated, Ni microscale 
inserts. In what follows, the experimental procedures and results for forces during Pb 
micromolding are given in Section II, along with the morphologies of the Pb after 
micromolding. Section III provides a basis for modeling the micromolding process by 
summarizing known results for indentation of an elasto-plastic half-space by a spherical 
indenter. Section IV draws on Section III to develop a simple model relating force on a 
cylindrical micropost to indentation depth. Section V reports the results of tensile testing 
on Pb which gives the mechanical properties at the various temperatures needed for the 
simple model. Section VI then compares experimental results with the simple model. 
Section VII closes the paper with some concluding remarks in light of these comparisons. 
 
Microscale Compression Molding at Elevated Temperatures 
 
A. Experimental Procedures 
 
Ni microscale mold inserts were fabricated with the LiGA technique using the 
synchrotron facility at the Center for Advanced Microstructures and Devices (CAMD) at 
Louisiana State University (LSU). The mold insert consisted of an array of cylindrical Ni 
microposts protruding from a flat Ni base. The Ni microposts were 500µm in height and 
200µm in diameter, with a 800µm post-to-post spacing. The insert had a lateral footprint 
of ~18mm×18mm, and contained a total of 377 microposts. Further details about the 
insert fabrication process have been reported previously 18 19 22. An as-fabricated Ni insert 
was cleaned in acetone and methanol prior to being used to compression mold Pb plates, 
which were 99% pure and in the form of circular disks, ~35mm in diameter and ~6.4mm 
in thickness. The Pb plate surfaces were mechanically polished with SiC abrasive papers 
from 400 to 1000 in grit size prior to being molded. 
Instrumented micromolding was carried out on a MTS858 single-axis testing system 
interfaced to a high-vacuum molding chamber. Pumped by a turbomolecular pump 
system, the ultimate chamber base pressure was ~1×10-8 Torr. All Pb micromolding 
experiments were performed at pressures ≤ 2×10-7 Torr. Two heating stations were 
installed within the vacuum chamber. The Pb plates to be molded were fixed on the lower 
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heating station, mechanically attached to the bottom of the molding chamber. The insert 
was mechanically attached to the upper heating station, which was connected to the linear 
actuator through a bellow-sealed Z-motion feedthrough. The two heating stations were 
heated separately by resistive heating cartridges. Insert and metal temperatures were 
measured by two separate K-type thermocouples, with the temperature – time histories 
recorded on a computer. In steady state, the plate temperature and the insert temperature 
were held to within ~5oC of each other. The entire molding and demolding process only 
commenced after steady state temperature conditions were reached, with a typical 
temperature variation of ±2oC. The insert attached to the linear actuator could be 
programmed to move according to prescribed load forces in the force-controlled mode or 
prescribed actuator displacements in the displacement-controlled mode. The axial force 
was measured by a 5kN load cell with a resolution of ~5mN, and the axial displacement 
was measured by a linear variable displacement transducer with a resolution of ~0.5µm. 
The entire micromolding process includes five segments: a displacement-controlled 
approach with a force limit; a force-controlled molding with a displacement limit; a 
constant force hold; a displacement-controlled demolding; and a constant displacement 
final hold. Further details on the instrumented micromolding apparatus and the molding 
procedure are described elsewhere 22.  
Using a single Ni insert, the same micromolding process was repeated on a series of 
Pb plates heated to temperatures ranging from ~30°C to ~220°C, corresponding to 
0.5≤ T ≤0.8. Demolding occurred at the molding temperature. Scanning Electron 
Microscopy (SEM) examinations of the molded features in Pb and the Ni insert condition 
after molding were carried out on a Hitachi S-3600N microscope. 
 
B. Experimental Results 
 
Figure 8.1(a) shows a SEM micrograph of a portion of the Ni insert after multiple Pb 
compression molding runs at temperatures ranging from ~30oC to ~220oC. The square 
arrangement of Ni microposts protruding from the flat Ni base is clearly visible, and the 
insert contained no protruding features other than these microposts. Occasional defective 
Ni microposts are visible on the insert, resulting from defects in either the pattern 
definition stage or the electrodeposition stage of the insert fabrication. During 
compression molding, the only contacting parts between the Ni insert and the Pb plate are 
the microposts. Figure 8.1(b) shows a higher magnification view of a typical Ni 
micropost, showing no evidence of insert damage or Pb transfer to the micropost after 
repeated Pb micromolding at different temperatures. These results confirm the 
expectation that no conformal coatings are needed when Ni microposts are used to mold 
Pb. 
Figure 8.2(a) shows a SEM micrograph of a portion of the Pb plate after being 
compression molded by the Ni insert. The actual molding temperature was 41°C, or 
T =0.52. Similar results were obtained for other molding temperatures. The process of 
molding has transferred the negative of the protruding features on the Ni insert to the Pb 
plate, from an array of cylindrical microposts on the insert to an array of cylindrical 
microholes on the plate. As is evident in Fig. 8.2(a), defective Ni microposts on the insert 
lead to defective microholes on the Pb plate. Figure 8.2(b) shows a SEM micrograph of a 
typical microhole, showing the well-defined top rim and the sharp transition from the top 
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surface to the vertical sidewalls. Figure 8.2(c) shows in more detail the transition region 
from the sidewall to the bottom of the microhole: it reveals this transition to be as sharp 
as at the top rim. Instead of being perfectly smooth, a sidewall roughness is generated by 
the molding process, with a series of circumferential striations perpendicular to the 
molding direction. Overall, Fig. 8.2 demonstrates that a multitude of sharply defined, 
high-aspect-ratio, microscale features in Pb can be successfully generated in parallel by 
micromolding with LiGA fabricated Ni inserts, and illustrates the potential of high 





Fig.  8.2  Morphology of molded Pb plate: (a) a low magnification SEM micrograph 
(the circle highlights a defective Pb microhole due to a defective micropost on the 
insert)  
(a) 
Fig.  8.1  Ni insert condition after repeated Pb micromolding runs in the 
temperature range of 30-220oC: (a) a low magnification SEM micrograph (the circle 
highlights a defective Ni micropost); (b) a higher magnification SEM micrograph of 
a typical Ni micropost 
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Figure 8.3(a) shows the measured total compressive force on the Ni insert, P, versus 
the insert displacement, d, into the molded Pb plate, again at 41°C. The P-d curve is 
initially concave upwards with P increasing rapidly with increasing d. Thereafter there is 
a slowdown in force increase with further increase in d and a curvature change to convex. 
As d increases even further, P becomes approximately linearly proportional to d. Figure 
8.3(b) shows a series of measured P-d curves with molding runs at temperatures ranging 
from ~30oC to ~120oC. At all temperatures, the measured P-d curves exhibit the same 
general features as described in Fig. 8.3(a). The maximum molding force, observed at the 
maximum molding depth of 500µm, is seen to decrease monotonically with increasing 
molding temperature. In order to understand experimentally observed trends for 
compressive molding forces and companion stresses during molding, some simple 





Fig.  8.2 (continued) (b) a higher magnification SEM micrograph of a typical Pb 
microhole; (c) a higher magnification SEM micrograph of the sidewall to bottom 
transition within a Pb microhole 
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Fig.  8.3  Measured Pb micromolding response: (a) a typical force versus depth curve 
obtained from a Pb molding run at 41°C; (b) molding force versus molding depth 
curves obtained from Pb molding runs at temperatures ranging from 31°C to 118°C 
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Development of a Simple Model: Ball Indentation Stresses 
 
A. Basic Approach 
 
To gain some appreciation of the physics underlying the response of molding force 
to micropost depth, one could undertake a stress analysis of the process. As has been 
done for ball indentation, it may be possible to track the stresses that accumulate as posts 
are pushed into a plate with finite element analysis (FEA). However, even with FEA 
using advanced contact elements (e.g., Refs. 24, 25) and the considerable computational 
capability accessible today, such a stress analysis is an extensive undertaking for post 
indentation. In the first instance, this is because of the unusually high stresses and stress 
gradients initially produced by a post compared to a ball (e.g., Fig. 8.4 for the normal 
contact stress for a post, cσ , positive when compressive). In the second, it is because of 
the nonlinearities attending the varying contact regions with friction present, friction 
being of considerably more importance for a post than for a ball. In the third, it is because 
of the more extensive yielding and larger plastic strains accumulated with post 
indentation (the yield region for a post at the maximum penetration is about twice the size 
of that for a ball with the same contact radius). As a result, here instead a simpler, albeit 
approximate, approach is adopted. This approach draws on the physical understanding 
already available for a ball pressed into a half-space. By paralleling this spherical 
indentation process, some appreciation of the physics involved in the present molding 
process is gained. Accordingly, next ball indentation is briefly reviewed (see Ref. 26 for a 
more complete exposition). 
 
 
Fig.  8.4  Elastic contact stresses for rigid frictionless punches indenting an elastic 
half-space: (left) contact stress for a strip punch normalized by the value at the 
center of the punch as a function of the normalized contact coordinate, x/a; (right) 
contact stress distributions close to the point of maximum stress concentration 









































In Fig. 8.5, the response of an elasto-plastic half-space to normal indentation by a 
relatively-rigid ball is summarized. The ball has radius R and is under an increasing 
compressive force P acting in the z-direction (see sketch in the initial elastic region of 
Fig. 8.5). This P produces contact over a circle of radius a. Hence the average contact 
pressure produced is 2 . p P aπ=  By definition, p is the Meyer hardness. In Fig. 8.5, this 
hardness dependence on contact extent is tracked from an elastic stress state, through an 
elasto-plastic state, to a state termed fully plastic. In what follows, the response in these 
states is described by drawing on results in the literature. 
 
 
B. Elastic Response 
 
When the rigid ball is frictionless and the half-space is purely elastic, the dependence 









where E is the Young’s modulus of the half-space and ν  is its Poisson’s ratio. 
Friction can increase p of Eq. (1) by at most 5% for a given a 28. Consequently Eq. (1) is 
adopted here irrespective of the level of friction present. 
  2a
Fig.  8.5  Response of an elasto-plastic half-space to ball indentation: the normalized 
contact pressure versus normalized contact radius curve is a fit to numerical results 
of pFEA and given in Eq. (6). Different indentation regimes are illustrated in the 
sketches within the graph 
Normalized contact radius, (a/R)/(a/R)Y
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The limit on the use of Eq. (1) can be found by determining the pressure that first 
induces local yielding. This yielding occurs at a point on the z-axis beneath the ball. 
Analyzing the interior stresses, using either a Tresca or a von Mises yield criterion, 
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where Yσ  is the yield strength. The fit for Yp  implicit in Eq. (2) is accurate to within 
0.1%. 
The indentation response depicted in Fig. 8.5 actually corresponds to that for a 304L 
stainless steel ( = 193E GPa, = 0.28, = 243Yν σ MPa). This choice of material enables 
the use of previous FEA results for the hardness once yielding commences (from Ref. 30, 
henceforth denoted pFEA). Consequently Eq. (2) has 1.1Y Yp σ= as the limit for purely 
elastic stresses. Then the companion value of (a/R)Y follows from Eq. (1). Thus 





⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠
 (3) 
for .Yp p≤  This response shows as a curve in Fig. 8.5 rather than a straight line because 
of the log scale employed on the horizontal axis. 
 
C. Plastic Response 
 
Once the contact pressure exceeds Yp , yielding commences. The ensuing plastic flow 
is taken to be governed by the hardening curve from uniaxial tension testing of 304L 
stainless steel in pFEA. One possible equation for such a curve has ( ) ,nY Yσ σ ε ε=  
where ,σ ε are uniaxial stress and strain values, respectively, =Y Y Eε σ  is the uniaxial 
yield strain, and n is the strain hardening exponent (typically 0 1 2n≤ ≤ ). This equation 
suggests the form for the fit used here for p early in the elasto-plastic state. 
Tabor 31 was first to appreciate that, as loading force and extent of indentation are 
increased; the plastic response in ball hardness tests could approach a self-similar state. In 
such a self-similar state, yield region extents in both the horizontal and vertical directions 
approach respective constant factors times the contact radius (indicated in the sketch in 
the fully plastic region of Fig. 8.5). This expectation is confirmed experimentally 32 and 
analytically in pFEA to within about ±30%. Given a degree of self-similarity, Tabor also 
expected that the hardness p should approach a steady-state response, provided it could 
be normalized by an appropriate flow stress. This flow stress has to reflect the fact that, 
with work hardening (n > 0), the stresses within self-similar yet expanding yield regions 
continue to grow as loading force increases. To this end, Tabor chose a representative 
flow stress Fσ  as given by the uniaxial σ ε−  curve for the indented material at a 
representative flow strain Fε . He further chose Fε  to reflect experimentally-obtained 
strain values near the edge of contact, thereby capturing the increases in both stress and 
strain that occur with further indentation. Approximately Tabor’s choice results in 
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5 .F a Rε ≈  Then Fσ  follows from the uniaxial stress strain curve. With this flow stress, 





=  (4) 
in what he terms the fully plastic state. This value is also confirmed analytically in pFEA. 
Here, then, the following normalized hardness p  and contact radius a  are adopted 
for the entire hardness curve (Fig. 5): 
 , .
YF
p a ap =   a
R Rσ
⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠
 (5) 
The first of these follows from Eq. (4), with the added proviso that F Yσ σ≥  because now 
the flow stress is being used throughout. The second simplifies initial elastic response as 
in Eq. (3). With the normalizations of Eq. (5), the entire hardness curve computed in 
pFEA can be fitted to within 1.5% by the following expressions: 
for elastic stress states ( )0    1 ,a≤ ≤  
 = 1.1 ;p a  (6a) 
for early elasto-plastic stress states ( )1  4 ,a  ≤ ≤  
 4 91.1 ,   ;np a   n = a=  (6b) 




ap ⎛ ⎞= − −⎜ ⎟
⎝ ⎠
 (6c) 
and for fully plastic stress states ( )16 , a≤  
 2.8.p =  (6d) 
The fit of Eq. (6) is what is actually shown in Fig. 5. 
It is possible to adjust the fits in Eq. (6) somewhat for other values of Poisson’s ratio 
(recall 0.28ν =  in pFEA, hence effectively in Eq. (6)). One uses Eq. (2) to alter the 
common coefficient in Eqs. (6a, b), then adjusts the exponent in the second of (6b) so that 
its magnitude matches that of Eq. (6c) at 4.a =  This results in exponents ranging from 
about –2/9 to –5/9. No further adjustments need be made. This is because 1/ 2ν →  
underlies Eqs. (6c, d), irrespective of its elastic value. This is consistent with the accepted 
model of plastic flow as being incompressible. 
While Eq. (6) is based on a theoretical determination in pFEA, there is nonetheless 
some experimental support of its validity 31 32 34. Typically experimental results are within 
5% of Eq. (6): this is shown for seven different metals and for a range of indentations 
spanning both elasto-plastic and fully plastic response. 
As a final comment on Eq. (6), it is noted that pFEA also carries out its finite 
element simulation assuming complete adhesion of the ball with the half-space. This 
interface condition represents an upper bound on the possible effects of friction. Even so, 
p  values do not vary much, consistently shadowing the curve shown in Fig. 5 and being 
about 3% above it. In all, then, Eq. (6) can be expected to be applicable to quite a wide 
range of metals and indentation conditions. Next, therefore, adaptation of the ideas 
underlying Eq. (6) to the post micromolding experiments of Section II is sought. 
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Development of a Simple Model: Post Indentation Stresses 
 
A. Basic Approach 
 
The experiments of Section II involved right circular cylinders as indenters. 
Furthermore, the experiments of Section II in effect tracked stresses as an array of such 
Ni microposts was pressed into a Pb plate. The model developed here simplifies the 
experimental configuration by considering the stresses produced as a single rigid post is 
pressed into a Pb half-space. Some justifications of these simplifications follow. In these 
and subsequent justifications in this section, simplifications that introduce 10% or less 
error are judged to be acceptable. 
First, the center-to-center spacing of the posts in the experiments is 8R, where R is 
now the radius of a post. Later in this development, stresses at a radial distance of 2R 
away from the center of an isolated post are used. When response is elastic, the stresses at 
such a location stemming from an additional rigid post 8R away from the original are less 
than 0.2% of p, where 2 = p P Rπ  is now the average pressure on a post (the value of ν 
taken here is 0.44 for Pb) 35 36. When the response is elasto-plastic, no analysis would 
appear to be available. However, as a rough estimate of interaction effects, the elasto-
plastic response to spherical indentation can again be considered. From pFEA, at a radial 
station 6 times the contact radius (cf. 8R – 2R), stresses in the fully plastic state can be 
estimated as being less than 5% of p. Both of these estimates, then, would suggest that 
interaction effects can reasonably be ignored for the present experimental configuration, 
and just a single indenting post modeled. 
Second, to be relatively rigid during elastic and elasto-plastic indentation, both the 
Young’s modulus and the yield strength of the post need to be an order of magnitude 
larger than those of the material being indented. Over the range of temperatures treated in 
the experiments, the E for Ni is greater than that for Pb by at least a factor of 12, while 
the Yσ for Ni is greater than that for Pb by at least a factor of 50 
21. Both of these factors, 
then, support treating the post as rigid. Experimental observations of Ni microposts after 
repeated indentations into Pb also support such a simplification. 
Third, the plate material beneath the deepest penetration in the experiments still has a 
thickness greater than 50R. If the plate is treated as being of this thickness and resting on 
a frictionless rigid surface, by reflection this configuration is tantamount to having an 
additional indenting post, aligned with the original but opposing it in direction, acting at a 
depth of 100R. Stresses from such a second post in the vicinity of the original post are of 
the order of 10-4 times those of the original post 35. Hence treating the plate as a half-
space is reasonable. 
In Fig. 8.6, the response of an elasto-plastic half-space to normal indentation by a 
rigid, right circular, cylinder is shown schematically. This response is in terms of the 
average contact pressure p acting as the depth of penetration d increases. As in Fig. 8.5, 
elastic, elasto-plastic, and fully plastic states can be identified. Responses in these 
different states are developed primarily by drawing on results in the literature and 






B. Elastic Response 
 
When the cylinder is frictionless and the half-space purely elastic, the dependence of 
average contact pressure on penetration depth is, from Boussinesq 37,  
 2





Friction on the end of the cylinder for the Poisson’s ratio of ( )Pb = 0.44ν  only increases 
p of Eq. (7) by 0.5% 38. Consequently friction effects on the end of the cylinder are 
ignored henceforth. 
The flat-ended cylinder in Boussinesq 37 has sharp corners. This leads to the contact 
stress distribution 2/ 2 1 ( / ) ,c p r Rσ = −  where r is the radial coordinate 
(0 ,  Fig. 6).r R≤ <  That is, a contact stress which is singular at the edges of contact. 
While this singularity is integrable and accordingly the resulting p is probably acceptable 
in the relation of Eq. (7), the associated stresses are useless in themselves for determining 
the pressure first producing yielding, and hence the limit on the use of Eq. (7). Needed 
instead is a stress analysis which takes into account the finite, albeit small, radii of 
curvature that are actually present on the corners of the posts in the experiments. 
Apparently no such stress analysis is available in the literature for a cylindrical 
punch. However, there does exist an analytical determination of the contact stress for a 
rigid strip punch with a flat and two quarter-circular edges (as in sketch included in Fig. 
4). This analysis is provided by Steuermann 39 (here as reported in Ref. 40). Moreover, it 
Fig.  8.6  Schematic of the response of an elasto-plastic half-space to post 
indentation: the normalized molding stress versus normalized indentation depth 
curve delineates the various indentation regimes, which are illustrated with the 
sketches within the graph. The indentation depth is not drawn to scale 
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can be expected that this plane strain analogue of the actual, axisymmetric, post 
configuration shares the same contact stress distribution (on normalizing by 0 ,p  the 
pressure at the origin, and exchanging the horizontal rectangular coordinate, x of Fig. 4, 
for the radial coordinate, r of Fig. 8.6). This expectation stems from asymptotics which 
show it to be asymptotically true near the edges of contact 41, from a common cσ  for a 
roller and a ball 27, and from a common cσ  for a flat-ended strip and a flat-ended cylinder 
42  37. Accordingly the contact stress of Steuermann is adopted here for elastic response. 
From Steuermann (Eq. (35), Ref. 40), the average pressure under a rounded strip, 
/ 2 ,p P a=  is given in terms of the contact extent 2a by 
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 (8) 
where 2 0a  is the contact flat extent and r0 the edge radius (Fig. 4), while 
12 2(1 ) / (1 ) /c p pE E Eν ν
−
⎡ ⎤= − + −⎣ ⎦  is the Young’s modulus for contact (this last does take 
into account the compliance of the strip thus post, the latter entering through the post 
elastic moduli, ,p pE ν ). The contact stress distribution leading to Eq. (8) is more 
conveniently expressed by mapping the horizontal coordinate with = cos .x a θ  Then 
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 (9) 
where ( )10 0= cos a aθ −  (Eq. (9), Ref. 40). In Fig. 4, a plot of the contact stress of Eq. (9) 
is given for rounding typical of the Ni microposts used in the molding experiments 
( )0 0 ~ 0.03 ,r a  and material properties representative of the Ni posts and Pb plate in 
these experiments (at 31oC on the point of yield). As noted earlier, it features an 
unusually sharp stress peak near the edge of contact (by symmetry, there is a second such 
peak at x = −a). Over most of the contact region (99.9%), the contact stress in Fig. 8.4 
coincides with its singular counterpart, the two being indistinguishable on the scale of 
Fig. 8.4. Eventually, as the edge of contact is approached, the two have to diverge, as 
illustrated on the expanded x-scale in Fig. 8.4. 
In order to obtain the contact pressure producing first yielding, ,Yp  the peak contact 
stress attending Eq. (9) needs to be determined. By differentiating Eq. (9), this can be 
shown to occur at ,*=θ θ  where *θ  satisfies 
 0 *0 *
0 *







* 00   .θ θ< <  The corresponding stress concentration factor is ( )= .T c *K pσ θ  
First yielding can be expected to occur beneath the peak stress. The stress 
distribution near this peak is similar to the plane-strain Hertzian distribution for contact 
with a long roller. Both share the same asymptotic behavior as the edge of contact is 
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approached ( )( )1 as .-x a  x a− →  Thus when both are given the same peak value, they 
are almost indistinguishable for contact between the location of the peak stress and the 
edge of contact (see expanded x-scale in Fig. 8.4). Inside the peak stress location, they 
differ (Fig. 4). Nonetheless it would seem reasonable to approximate the contact stress of 
Eq. (9) by a Hertzian distribution near its peak. Then the interior stresses beneath the 
peak are available 43.  
The stresses in Ref. 43 vary with Poisson’s ratio. Here, ultimately the results of the 
plane strain analyses in Refs. 40 and 43 are to be applied to the axisymmetric post 
configuration representative of the experiments in Section II. To this end, 1 2=ν  is 
taken because this value makes the out-of-plane normal stress in plane strain coincide 
with its axisymmetric counterpart. With 1 2=ν , first yielding using the Tresca criterion 
occurs when 43 





p =  z a,
K
σ
∆  (11) 
where 1 cos ).*a = a( θ∆ −  
In general, to determine actual values of Yp  requires Eqs. (8)-(11) be solved 
simultaneously. This requires an iterative approach because, with conforming contact, a, 
and hence TK , depend on the load. Here, however, the relatively sharp corners involved 
enable a simpler solution procedure. For 0 0 1 10,r /a    ≤  Eq. (10) gives 0= 5 6*θ θ  (to 
within 0.1%). Furthermore, with this *,θ  if at yield 
 00
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then the following approximate results hold (to within 0.2% for Yp ): 
 9 50= , = .
10 27T Y Y YY
K  p
θ
σ θ  (12b) 
In Eq. (12b), the pressure has been adjusted so that the cylinder and strip share a common 
0p  using values for flat-ended indenters because of the small radii of curvature of the 
posts. For the post configuration of the present experiments, Yθ  is indeed less than 1/10, 
and the determination of first yielding follows directly from Eq. (12). 
 
C. Plastic Response 
 
Pressures exceeding Yp  of Eq. (12), with consequent plastic flow, occur very early 
on in molding experiments because of the high TK  involved (e.g., Fig. 8.4). Again, as the 
loading force and extent of indentation are increased, the plastic yield region beneath a 
post can be expected to approach a self-similar state (indicated in the sketch in the fully 
plastic region of Fig. 8.6). Since here the indentation radius is fixed, self-similarity means 
a yield region with constant horizontal and vertical extents. Unfortunately, there would 
not appear to be either experimental or analytical confirmation of this expectation in the 
literature at this time. Absent such information, the only estimates that would seem to be 
available for the extents of this steady-state yield region are from ball indentation results. 
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The analysis of pFEA showed that the yield region in the fully plastic state is 
approximately a semi-ellipse with horizontal minor-axis extent two times the contact 
radius and vertical major-axis extent three times. Thus here it is assumed 
 '2 , 3 , = ,
4Y Y Y Y
r  R d   R d dπ≈ ≈  (13) 
where ,Y Yr  d  are the radial, vertical yield region extents beneath a post in the fully plastic 
state. To simplify balancing forces subsequently, this elliptical region is replaced by a 
rectangular region of the same area and radial extent, but depth 'Yd  (see Fig. 8.7). 
 
 
Now to estimate the forces acting in molding experiments, estimates are needed for 
the resisting pressure on the base of the approximate yield region, ,bσ  and the resisting 
shears on the side of this region, sτ  (Fig. 8.7). In addition, there are resisting frictional 
shears on the sides of a post, fτ  (Fig. 8.7). In combination, these tractions provide the 
resisting force. 
To estimate the resisting pressure, again ball indentation results are drawn on. From 
pFEA, at '= Yz d  on replacing a with R, 
Fig.  8.7  Cross section showing the force balance used during post indentation in the 
fully plastic state: the self-similar yield region in front of the advancing post is 
judged to be semi-elliptical from pFEA and further simplified to be rectangular in 
shape. Resisting pressure on the base of the, ,bσ  and resisting shears on the side of 
the yield region, sτ , are estimated from pFEA. Frictional shears, fτ , on the side of 




27 9= 1 .
4 40b Y
r   
R
σ σ
⎡ ⎤⎛ ⎞−⎢ ⎥⎜ ⎟
⎝ ⎠⎢ ⎥⎣ ⎦
  
This distribution understandably has a peak value under the center of the indenting ball. 
Here peak values can be expected to occur under the corners on the indenting post. Thus 
here the peak stress distribution of the ball is maintained but shifted in location to r = R. 
One stress distribution that does this, and which also has zero slope at r = 0 as must be 
the case by symmetry, is: 
for 0 2,  r  R≤ ≤  
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 (14b) 
Of course, Eq. (14) is but one adaptation of base pressure from ball to post indentation: 
others could certainly be made. 
On the sides of the yield region, the average shear stress is also estimated from ball 
indentation results of pFEA. On the sides of the post, a representative shear stress is 
estimated using Coulomb’s law and assuming normal stresses there are of the order of the 
yield strength. Thus 
 1=  , ,
4s Y f Y
 = fτ σ τ σ  (15) 
where f is an effective friction coefficient. 
Now balancing forces on the post, and the approximate yield region in advance of 




 = 2 + 3 + 2 ,
R
b s fR p rdr  R Rdπ π σ π τ π τ∫  
on using Yr  and  
'
Yd  of Eq. (13) as yield region extents. In this force balance, any 
contributions from tractions on 2 ,  = R  r  R z d≤ ≤  have been taken as negligible. 
Substituting Eqs. (14) and (15) then gives 
 = 8.8 + 2 ,
Y






for the contact pressure or molding stress in the fully plastic state. 
Analogous to hardness testing by spherical indentation, it may be possible to 
introduce a flow stress for the molding process to effect a coalescing of results for 
materials with different strain hardening rates. However, given the approximate nature of 
Eq. (16), such an endeavor would seem premature at this time. Accordingly, here the 
following simple normalizations are adopted for the molding pressure, p , and depth, d : 
 = ,  = .
Y
p dp  d
Rσ
 (17) 
Then from Eqs. (7) and (16), the following results are obtained: 
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for elastic stress states ( )0   ,Y  p p< <  
 = ,p kd  (18a) 
where = ,Y Y Yp  p σ  Yp  being from Eq. (12), and ( )2= 2 1 ;Yk E π ν σ−  
for fully plastic stress states ( ) ,pp   p<  
 = 8.8 + 2 ,p fd  (18b) 
where pp  is the pressure level at which fully plastic response commences, as judged 
from experiments. The expressions in Eq. (18) for molding with cylindrical posts are the 
counterpart of those in Eq. (6) for hardness testing using spherical indenters. 
It is possible to devise transition fits for elasto-plastic stress states, similar to those of 
Eq. (6), for inclusion in Eq. (18). This exercise would also seem to be premature at this 
time. However, some comments on this elasto-plastic transition are appropriate. 
Once yielding commences, the indented material can be expected to soften. Then, 
absent any other physical effects, the slope of the p  versus d  curve should lessen and 
possibly flatten, similar to Eqs. (6b, c). With the molding process, though, there is a load 
level in the elasto-plastic region at which the indented material makes contact with the 
sides of the post (see sketch in Fig. 8.6). At this point, response stiffens and the p  versus 
d curve can be expected to be concave upwards. Ultimately this “grabbing” of the post 
should occur over a constant fraction of its length with a consequent steady increase in p  
with d  as in Eq. (18b) (see fully plastic region of Fig. 8.6). Initially, when grabbing 
commences in the elasto-plastic region, the fraction of the post being grabbed can be 
expected to change with depth.  This implies a steeper slope for the increase in p  versus 
d  with grabbing in the elasto-plastic region than in the fully plastic (see elasto-plastic 
region of Fig. 8.6). Though a more precise quantification of such grabbing effects is 
beyond the scope of the present simple model, molding experiments can nonetheless be 
expected to qualitatively reflect such grabbing, and indeed they do (see Fig. 8.3(b)). 
To quantitatively compare the foregoing modeling with experiments requires tensile 
properties of Pb in addition to the force versus depth measurements of Section II. 
Attention is given to the determination of these tensile properties next. 
 
Tensile Testing at Elevated Temperatures 
 
A. Experimental Procedures 
 
In addition to Yσ of Pb for comparison with Eq. (18), the ratio Y c/Eσ and hence E of 
Pb is needed to use Eq. (12). Although room temperature values of these quantities are 
available in handbooks, elevated temperature values would not appear to be. Tensile 
testing was therefore conducted on the same Pb plate materials used in the micromolding 
experiments and over the same temperature range. 
The tensile testing of Pb bar specimens was carried out on the MTS858 single-axis 
testing system used in the molding experiments. A pair of hydraulic wedge grips, 
MTS642, was used for specimen holding. Rectangular bar specimens were prepared 
following standard testing protocols 44. The bar specimens had an overall length of 
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200mm and a thickness of 6.25mm. Length and width of the specimen gage section were 
respectively 50.0±0.1mm and 12.50±0.25mm. A MTS632.26F-20 axial extensometer was 
used to measure the specimen extension. The extensometer had a gage length of 8mm, a 
maximum extension and compression of ±1.2mm, an accuracy of 0.02% full scale, and a 
maximum operating temperature of 150oC. 
To determine the Young’s modulus, each tensile test consisted of multiple partial 
unloading-reloading cycles, carried out before the ultimate tensile strength of the test 
specimen was reached. In each unloading-reloading cycle, the unloading segment was 
performed with a prescribed unloading rate in the force-controlled mode, and the 
reloading segment was performed with a prescribed displacement rate in the 
displacement-controlled mode. Displacement rates for the first two reloading segments 
were 0.05mm/min and 0.10mm/min, respectively. The other reloading segments were 
executed with the same displacement rate of 0.5mm/min. Three unloading slopes from 
each experimental σ-ε curve were averaged together to obtain E. The Pb modulus 
measurements were checked by measuring the modulus of Al 1100H (99.9%) with 
specimens of identical geometry. The Pb yield strength σY was obtained from the 
experimental σ-ε curves at 0.2% strain offset using the measured E value. 
A series of such tensile tests were carried out at temperatures ranging from ~20°C to 
~120°C. The tensile testing temperatures were chosen to be close to (within 2oC) the 
temperatures at which Pb micromolding runs were carried out in this range. Tests at 
higher temperatures were not conducted due to operating temperature limitations of the 
extensometer. The temperature of the Pb bar specimens was controlled by wrapping a 
resistive heating tape around the entire specimen. The resulting elevated temperature was 
measured by attaching a K-type thermocouple onto the specimen surface. The bar 
specimens were heated until a steady state temperature was reached before tensile testing 
began, with a typical temperature variation of ±3oC. At each temperature, two or three 
tensile tests were performed following the foregoing procedure. 
 
B. Experimental Results 
 
Typical tensile testing data are illustrated in Fig. 8.8. Figure 8.8(a) shows three σ–ε 
curves measured in the strain range of 0<ε<0.015 and at 41oC corresponding to T = 0.52. 
Unloading-reloading cycles are shown in Fig. 8.8(a). The sharp bend over of the σ–ε 
curves at the onset of plasticity coupled with the relatively slow increase in σ as ε 
increases supports the usual view that Pb is approximately an ideally-plastic material. As 
shown in Fig. 8.8(b), however, significant strain hardening is clearly evident over a more 
extended strain range of 0<ε<0.08. The variability of the three σ–ε curves shown in Fig. 
8 is typical of the other tensile experiments. 
Figure 8.9 plots measured Yσ  of Pb as a function of temperature, and shows it to 
decrease smoothly with increasing temperature. A decrease in Yσ by roughly a factor of 2 
is observed as temperature increases from ~20oC to ~120oC. Figure 8.9 also plots 
measured E of Pb as a function of temperature, and shows a slight decrease as the 
temperature increases. The measured value of the Young’s modulus for Pb is 17.7GPa at 
22.5oC, higher than the handbook value of 16.1GPa 36. A range of modulus values of Pb 
is reported, from 13 to 20GPa, depending on the impurity content 45. Considering the 
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foregoing, the discrepancy between the presently measured E of Pb and the handbook 
value may be due to impurity content. To check that the value of E obtained here was 
indeed appropriate for the Pb involved, the modulus of Al was measured using the same 
test procedures. This measurement gave E=71±4GPa for Al 1100H, in agreement with 
the handbook value for the modulus of 70.6GPa 36, thereby confirming the 
appropriateness of the E measured for Pb here. 
 
 
Using the measured values of Yσ and E, the ratio of Yσ /E ranges from ~3.3×10
-4 to 
~2.0×10-4 as temperature increases from ~20oC to ~120oC. These low values of the 
uniaxial yield strain are as expected for Pb and indicate the low strain level at which 
plasticity commences for Pb. The ultimate strengths σU for Pb at various temperatures 
were also obtained from these tensile tests 46. These show a decrease in σU with 
increasing temperature comparable to that for Yσ , indicating that strain hardening of Pb is 
fairly insensitive to temperature in the range tested. 
 
Comparison of Experiments with Modeling 
 
To compare measured P - d curves of Section II quantitatively with the model of 
Section IV, the total molding force P is converted to a molding stress p for a single 
micropost. This is done by dividing P by the total number of posts on the insert and the 
nominal cross-sectional area of one post ( )2 , = 100 m .R Rπ µ  The so-calculated molding 
stresses can then be considered for elastic and plastic response in turn. 
To gauge the extent of elastic response using Eq. (12) requires the strain /Y cEσ  and 
the normalized edge radius 0 0 .r a  The first of these follows from the experiments of the 
previous section (together with Ep = 200GPa and νp = 0.31 36, and continuing to take 
0.44ν = for Pb at all temperatures). For the second, in the present case 0 0- ,a R r=  and 
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Fig.  8.8  Results true stress versus true strain curves corresponding to three 
separate tensile tests on Pb bar specimens at 41oC in the strain range of 0-1%ts of 
Pb tensile testing: (a); (b) true stress versus true strain curves obtained at 41oC in 
the extended strain range of 0-6%  
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the edge radius is estimated from SEM micrographs of a vertical cross section of a post 
which give 0 = 3 ? m.r µ  A median value of 0 0 = 0.03r a is thus taken. Using Eq. (12) 
with this median value gives =Y Y Yp p σ  in the range  
 0.013 0.016,Y  p   ≤ ≤  (19) 
as T varies from 118ºC down to 31ºC. These low values are a direct result of the high 
stress concentrations associated with the post indentation geometry (KT = 130 at 118ºC to 
KT = 102 at 31ºC, the latter being illustrated in Fig. 8.4). The lowest, normalized, molding 
stress measured in all tests conducted is = 0.03p . Thus there are no experimental values 
for comparison with Eq. (18a), and the elastic state in the experimentally measured p - d  
curves is essentially nonexistent. This conclusion stands even when the wide range of r0 
estimates (2–4 mµ ) is admitted (the range in Eq. (19) becomes 0.010-0.019), and 
indicates that the experimental P-d curves shown in Fig. 8.3 reflect completely elasto-
plastic and fully plastic responses. 
After a transition through elasto-plastic stress states, p enters the fully plastic state. 
The simple model of Section IV suggests that the molding response should be described 
by Eq. (18b). If the effective coefficient of friction, f of Eq. (18b), can be taken as 
independent of temperature in the range tested here, then Eq. (18b) has that p max at the 
maximum molding depth ( )= 5d  should be a constant. That is, pmax should be linearly 
proportional to .Yσ  Figure 8.10 shows the dependence of pmax on the different Yσ  values 
corresponding to the various molding temperatures (the Yσ values shown in Fig. 8.9). The 
predicted linear dependence agrees with the experimental data to within experimental 
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Fig.  8.9 Measured yield strengths and 
Young’s moduli of Pb as a function of 
temperature 
  
Fig.  8.10  Measured maximum molding 
stresses, at a molding depth of 500µm, 
versus measured Pb yield strengths. 
Data shown span molding runs and 
tensile tests conducted in the 
temperature range of ~30-120oC 
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A further consequence of Eq. (18b) is that p - d curves approach a single straight 
line when the indentation response becomes fully plastic. Using the normalization of Eq. 
(17) together with the Yσ  values of Fig. 8.9, experimental data shown in Fig. 8.3(b) are 
re-plotted in Fig. 8.11. Comparing Figs. 8.3(b) and 11 reveals that, in the fully plastic 
state (that is, in the range of 2< d <5 judging from data shown in Fig. 8.11), the molding 
response is significantly closer to a single straight line in the latter figure. In Fig. 8.3(b) at 
maximum d, the range of P divided by the mean P is 57%. In Fig. 11 at maximum ,d  the 
range of p  divided by the mean p  is 12%. Thus the simple normalization of Eq. (17) 
leads to a coalescence of molding data with nearly a factor of 5 less variation, in support 
of Eq. (18). The variation remaining after this normalization is comparable to the scatter 
in the Pb yield strength measurements. 
 
 
Also apparent in Fig. 8.11 is that the lines in the fully plastic state are nearly parallel. 
This further supports f being independent of T for the ranges of temperatures considered 
here. Given this, it is appropriate to try and actually fit Eq. (18b) to the experimental data, 
the one parameter to be so determined being f. Using average p  for a given d  from Fig. 
11 results in  
 0.5.f ≈  (20) 
This fitted value of f does not seem to be physically unreasonable. Figure 8.12 shows 
how p  of Eq. (18b) with f of Eq. (20) compares with an average molding response, 
obtained by averaging all experimentally determined molding response curves shown in 
Fig. 8.11.  Considering the adaptation made of the spherical indentation results of pFEA 
Normalized indentation depth, d/R





















Fig.  8.11  Normalized molding response: molding stress normalized by the Pb 
yield strength at the molding temperature versus molding depth normalized by the 
post radius 
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to the present case of post indentation, the agreement between Eq. (18b) and the 
experimentally-determined average p - d  curve in the fully plastic region of 2< d <5 is 
certainly somewhat fortuitous. Nevertheless, it is believed that the main physical 
arguments underlying the simple model, namely that the molding response in the fully 
plastic regime is dominated by a self-similar plastic zone advancing with the micropost 







While the simple model presented here is consistent with micromolding and tensile 
testing results on Pb, further experimental verification should be conducted by 
performing similar experiments on different materials. To our knowledge, no such data 
exist in the present literature. Assuming, then,  the applicability of the simple model to 
other materials, the average molding response curve shown in Fig. 8.12 offers some 
guidance to micromolding of metals other than Pb. 
First, Fig. 8.12 shows that the contact pressure p required to reach the fully plastic 
state (d/R~2) is ~11σY. Assuming an effective friction coefficient twice that estimated in 
the present experiments, this implies that, to indent to a similar ratio of depth to lateral 
dimension, the yield stress of the material making up the mold insert should be ~16 times 
higher than the material to be molded at the molding temperature. The molding 
Normalized Indentation Depth, d/R

























Fig.  8.12  Experiment-model comparison: the normalized molding response curves 
obtained in all the molding experiments are averaged together and shown as open 
circles; the model prediction for the response of post indentation in the fully plastic 
regime, Eq. (18b), is shown as a solid line (extension of Eq. (18b) into the elasto-
plastic regime is shown as a dashed line) 
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temperature of choice, therefore, reflects a balance between variation of yield strength 
with increasing temperature for both the insert and the material to be molded. 
Second, the increase of p with increasing molding depth d in the fully plastic state is 
proportional to the effective friction coefficient f generated by insert-metal contact on the 
sides of the insert. Thus higher f leads to higher required σY for inserts. Furthermore, the 
morphology of the sidewalls of the molded microholes consists of a series of 
circumferential striations perpendicular to the molding direction (as in Fig. 8.2(c)), and 
this is suggestive of repeated “stick-slip” events. Such “stick-slip” events are generated 
by insert-metal friction, and the resulting striations markedly increase sidewall roughness 
of molded features. The increase in sidewall roughness is undesirable for metal-based 
micro-optical devices. These considerations suggest that engineering insert surfaces to 
minimize friction may have beneficial effects, and accordingly the influence of 
temperature and insert-metal friction on molded features merits further study. 
Third, the present simple model is based entirely on continuum mechanics, and 
contains no characteristic length scale. The reasonable agreement between the 
micromolding and tensile experiments on Pb and the model suggests that continuum 
mechanics gives a satisfactory description at the length scale of the present experiments 
(feature size ~200µm, negligible interaction between features), though this is something 
that should be confirmed by a full FEA of micropost indentation. As the spacing between 
molded features decreases, a full FEA model of the molding process would also be most 
helpful in tracking interaction effects. As the characteristic size of the molded features 
themselves decrease, for example from tens of µm down to the nm scale, it is an open 
question whether the present continuum mechanics model would remain satisfactory. As 
the technology of micromolding advances into the realm of nanofabrication, these issues 
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CHAPTER 9.  GLOBAL CONCLUSIONS 
 
Micro-electro-mechanical-systems (MEMS) and microscale mechanical and 
chemical devices have been researched for over two decades, hailed for their tremendous 
market potential, and riled for not having fulfilled the more exuberant predictions of 
success. Despite these ups and downs, commercial products employing MEMS and 
microsystems have nonetheless emerged in our everyday lives. Examples include 
automotive accelerometers and various sensors. 
It is safe to state that, at the present time, products employing silicon based MEMS 
are far more developed as compared to microsystems built from metal-based microscale 
structures. This more advanced state of silicon MEMS technology results from the 
existing prior art, which is the fifty-year investment into fabrication of integrated 
electronic circuits. However, it is believed that metal-based microsystems enjoy some 
inherent advantages over silicon-based microdevices, especially in the area of harsh-
environment-compatible devices. Examples include, but certainly not limited to, devices 
subjected to high temperatures (micro heat exchangers), placed in contact with corrosive 
chemicals (micro chemical reactors), and under high mechanical stresses. It is believed 
that one important factor to commercial realization of metal-based microdevices is 
efficient and economical fabrication. 
As stated in the introductory part of this dissertation, several approaches to 
fabricating metal-based microscale structures are being researched in Europe, the U.S., 
and elsewhere in the world. Techniques such as micromilling and micro-electrical-
discharge machining have shown potential as well as limitations. It is probable that no 
one technique will become the panacea for fabricating metal-based microdevices. Instead, 
researchers worldwide constantly add new tools to the arsenal of metal microfabrication. 
This dissertation represents some initial steps taken on a new path toward efficient 
and economical fabrication of metal-based microscale structures, an attempt to add one 
more tool to the metal microfabrication arsenal. The demonstration of successful 
micromolding of aluminum at ~450oC in this dissertation is, to our knowledge, the first in 
the world, and demonstrates the potential of high temperature compression micromolding 
for fabrication of metal-based microdevices. 
The completed work shown in this dissertation also serves to highlight the unfinished 
business regarding high temperature compression micromolding of metals. Improving the 
high temperature bulk mechanical properties of the mold insert, increasing the high 
temperature stability of nanostructured ceramic coatings, and understanding 
quantitatively the mechanics of micromolding constitute the obvious challenges in the 
course of perfecting this micromanufacturing technique. 
This dissertation also serves to point out one trend in microsystems research, which 
is the need for a truly interdisciplinary approach. The ultimate success, or failure, of 
metal-based microdevices will be judged in the market place, and depends critically on a 
combination of two factors. One is economical device fabrication, which relies on 
materials science and engineering. The other is innovative device design, which relies on 
chemistry, physical, and mechanical engineering principals. These two factors may also 
be interdependent. The realization of these visions will not occur instantly and will serve 
as an inspiration to others embarking on this exciting journey. 
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